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Before  you  eon  reach  lo  the  lop  of  a tree  and  understand  the  buds  and  flowers, 
you  wilt  ftave  to  go  deep  to  the  roots,  because  the  secret  lies  there. 

And  the  deeper  the  roots  go,  the  higher  the  tree  goes. 
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Suppression  of  plant-parasitic  nematodes  with  microbial  agenls  is  an  alternative  or 
supplemental  management  lactic  that  Is  receiving  increased  interest  among  nemaiologisis. 
One  nematode  antagonist,  the  endospore-forming  bacterium  Pasieuria  penetrans,  has 
shown  great  potential  In  suppressing  field  populations  of  several  plant-parasitic  nematodes 
throughout  the  world.  This  obligate  parasite  of  mainly  root-knot  nematodes,  Meloidogyne 
spp.,  was  studied  for  its  potential  to  suppress  M.  arenuria  on  peanut,  and  Af  incognita  and 
M.  Javanica  on  tobacco.  The  objectives  were  to  monitor  the  population  densities  of  the 
root-knot  nematode  and  P.  penetrans  in  peanut  microplots  and  in  a naturally  infested 
tobacco  field,  to  develop  a suppress ve-soil  lest  that  allows  the  determination  of  the  role  of 
P.  penetrans  in  nematode-suppressive  soils,  and  (o  evaluate  the  effect  of  cultural  practices, 
such  ns  crop  rotation,  autumn  cover  crops,  resistance  and  renihzcr  regimes  on  the 
abundance  of  P.  penetrans.  Within  4 years  after  inoculation  or  contamination  by  P. 
penetrans,  M.  oremirio  was  nearly  eliminaied  from  microplol  soil,  and  peanut  yields  were 
similar  to  that  of  the  nematode  free  control.  The  P.  penerronr-infesled  soil  remained 
suppressive  loAf  arenario  for  3 years.  Similar  resulls  were  observed  in  a tobacco  field. 


After  4 years  of  tobacco  monoculuire,  a mixed  pcpulaiionof  Af.  incogniia^M.Javanica. 
aod  M.  aremria  was  suppressed  to  non-damaging  levels.  Two  P.  penetrans  isolates  were 
more  pathogenic  to  M.  incognira  than  to  M.  javanica.  Inorganic  nitrogen  fertilizer  rates  aod 
host  resistance  to  Af.  incognita  had  inconsistent  effects  on  the  endospore  build-up,  which 
was  favored  by  cultivation  of  susceptible  cover  crops.  A microwave  radiation  inaunenl  of 
3 minutesdcg  of  soil  containing  6%  to  7%  water  reduced  the  fungal  population  b soil 
samples  without  impairing  altttchmeni  of  P.  penetrans  cadtnpcMS  to  nemalode  juveniles. 
This  treatment  allowed  the  separation  of  nematode  suppression  by  fungi  from  that  caused 
by  P.  penermnr.  Nematode  suppte.ssiveness  in  tnicroplol  and  field  soil  was  preserved 
after  microwave  and  air-drying  Irentments.  but  not  after  soil  was  autoclaved.  The  bacterial 
pontsile,  P.  penetrans,  was  identified  as  ihe  main  contributor  to  the  suppressiveness  of  the 


microploi  and  the  field  soil. 


CHAPTER  1 
INTRODUCTION 


Nemalologists  are  conlinijoualy  unveiling  Ihe  biological  conliol  porentiaJ  of 
Pasieuria  peneirans  Crtiome,  1940)  Sayre  and  Starr,  1983,  a mycelial  endospore-formlng 
bacterial  parasite  of  mainly  rooi'knot  nematodea.  The  ecological  history  of  P.  penelrons  In 
association  withAfrloufogynespp.,  as  well  as  knowledge  about  its  role  in  nematode 
management  strategics,  is  essential  for  improving  the  use  of  the  organism  as  an  effecbvc 
biological  control  ageoL  This  Information  also  is  imporunt  for  recognitioo  and  effective 
exploitation  of  soils  naturally  infested  with  P.  ptnetroTis. 

In  1991,  soils  suppressive  to  the  peanut  root-knot  nematode.  Af.  nrenorfo  (Neal) 
Chitwood  race  1,  were  produced  in  microplots  at  the  University  of  Florida  Agronomy 
Farm,  Green  Acres,  Alachua  County,  Florida.  Ninety  microplots  (76  cm  in  diameter) 
were  established  with  30  inoculated  centrally  with  relatively  low  numbers  ofP.  penetrans 
and  Mehidogyne  arenaria,  30  inoculated  with  M.  arenaria  alone,  and  30  left  uninoculated 
05  control  plots  (Oostendorp  et  al,,  1991a),  The  microplots  were  planted  to  peanut  in  the 
spring  of  1987.  Within  3 years,  yields  of  plots  infected  vtilh  P.  penetrans  andAf,  arenaria 
increased  to  a level  comparable  to  the  untreated  control  and  the  damage  from  root-knot 
nematodes  decreased,  suggesting  that  the  soil  became  suppressive  lo  the  netnarode.  A 


minimum  of  3 years  of  intensive  cropping  was  required  for  P.  penermns  to  amplify  to 
suppressive  levels.  During  the  same  period,  a tobacco  field  that  was  naturally  infested  with 
Afefoa/ogynespp.  was  discovered  to  contain  a soil  suppressive  to  the  nematode.  This  site 
was  located  about  300  meters  from  the  mictoplot  site.  The  baclerial  parasite  P.  pmrrans 
was  reported  to  cause  the  nematode  suppression  (Chen  et  al..  1994). 

The  goal  of  this  project  was  to  monitor  the  dynamics  of  the  bacterium  In  the  two 
sites  and  htithcr  establish  the  lelolionship  of  P.  penetrans  to  suppiessive  soil. 


Biological  control  of  nematodes  has  been  of  great  interest  to  nematologtsts  for 
almost  as  long  as  plant.porasitic  nematodes  have  been  known  to  damage  crops  (Stirling, 
1991).  Cobb  (1920)  considered  using  paitisite.s  and  predators  of  nematodes  as  biological 
control  agenu  when  he  suggested  transferring  predocious  nematodes  to  sugarbeet  fields  in 
order  to  control  populations  of  Heierodem  sehachiii  SchmidL  Thome  (1 927),  however, 
questioned  the  economic  benefits  of  predacious  nematodes,  and  further  studies  on  their 
potential  for  biological  control  of  plant-parasitic  nematodes  came  to  an  end.  LinfonI's 
(1937, 1939)  early  effotrs  to  use  predacious  fungi  to  control  plam-parasiiic  nematodes 
stimulated  interest  in  the  nematode-trapping  fungi  in  France,  the  United  States,  England, 
and  the  fotmer  USSR  (Stirling,  1991).  Due  to  the  lack  of  success  of  these  early 
experiments,  the  interest  in  biological  control  declined,  ft  was  not  until  the  !ate-I970s  that 
interest  in  biological  control  revived  when  the  potential  health  and  environmental  problems 
associated  wilh  the  use  of  some  nematicides  surfaced  (Keiry.  1990;  1993;  Stitliog,  1991; 
Thomason,  1987).  The  suspension  of  twoof  the  most  reliable  soil  fumigants,  DBCP(1,2- 

dibromo-3<hloropropane)  end  EDB  (ethylene  dibromide),  and  the  lock  of  promising  new 


candidaie  nemoticldcs.  led  nemiuologisu  (o  lE-evaluate  their  goals  In  lenm  of  nematode 
monogemem  researcti.  This  fact,  plus  the  classical  studies  that  demonsimcd  fungal 
antagonists  suppressed  populations  of /fererodeni  avtnae  Woll.  In  Europe  (Ken>  et  ol., 
I9g0;  1982)  and  other  studies  showing  that  fungal  antogonists  also  suppressed 
Mitoidogyne  spp.  (Stirling  and  Manitau,  1978;  Stirling  et  al..  1979),  rekindled  interest  in 
biological  coatrol.  In  recent  years,  some  attempts  have  been  made  to  market  various 
fungal  agents  for  nematode  control  (Al-Hazim  et  al..  1993:  Timm.  1987).  but  the  products 
generally  have  not  been  accepted. 

Unfominnlely.  there  are  slUl  no  widely  used  examples  of  the  contrived  use  of 
biological  antagonists  to  control  plant-parasitic  aematodes.  Although  there  are  many  likely 
candidaies  (Dickson  el  ol.,  1994;  Jansson.  1988;  Kerry,  1987;  1988;  Matikau.  l97Sb; 
1980b;  Sayre  etal.,  1988;  Stirling,  1988;  199 1: Tribe,  1980),  the  resources  devwed  lo 
research  on  biological  control  of  nematodes  have  been  relatively  lirruied  (Stirling,  1991). 
There  is  optimism,  however,  that  biological  control  will  play  an  increasingly  impoiraat  role 
in  future  nematode  management  programs. 

The  seareh  for  nematode  antagonists  has  generally  centered  on  predacious  and 
parasitic  fungi  and  bacterial  parasites.  One  such  bacterium.  F-pengirms.  was  Identified 
and  considered  to  have  great  potential  for  biological  control  of  toot-knot  nematodes 
(Dickson  et  al.,  1994).  A PaUearia  sp.  was  first  attsociaied  with  parasites  of  plant- 
parasitic  nematodes  when  Thome  ( 1940)  reported  it  as  Duboicqia  penetrans  pontsitizing 
Pratylenchmpralensis.  Since  the  first  reports  that  Pasieiiria  penetrans  perasiuzaS  root- 
knot  nematodes  (Mankau.  1980a;  1980b:  Stirling  and  While.  1982:  Stirling,  1984),  the 
organism  became  the  subject  of  an  increasing  number  of  research  projects  (Stirling,  1991). 
Meloidogyne  spp.  were  reported  to  be  suppressed  successfully  in  numerous  pol,  microploi, 
and  field  experiments  (Brown  etal.,  1 985;  Channet  and  Ooweo,  1988;  Chen  el  ol.,  1996b: 


1997c:  Dnuiii.  1990;  Dube  and  Sman.  1987:  Jaya  Rqj  and  Manl.  1988:  Mabeswari  and 
Manj,  1938;  Mabcawarlel  al..  1987;  1988;  Oostendorp  el  al..  I99U:  Stirling,  1984; 
Tzonzakakis.  1994a:  Vargasel al..  1992:  Welbelzahl-Fullon ei al..  1996).  Hawever. 
limilaiions  in  macs  production  melhods  of  F.  peneinms  have  prevented  its 
conunetcialiaation. 


Taxenomic  Status  of  the  Genus  Pasiriiria 

The  genus  Ptuteuria  comprises  a group  of  Gram  positive  mycelial  and  endospore- 
forming  bacleria  that  parasitize  bodies  of  invertebrates,  including  nematodes  (Williams  et 
aj„  1989a),  The  initial  studies  of  the  genus  Pasteuria  date  back  to  1888,  when 
Meichnikoff  described  an  internal  parasite  of  two  Dophnia  spp,  (water  fleas)  as  Pasleurio 
ramosa  (Meichnikoff,  1 888).  Partial  credit  for  the  discovery  of  the  bacterium  also  should 
be  given  to  Cobb  (1906),  who  noted  Pasuaria  sp.  as  on  internal  parasite  of  nematodes, 
sketched  it,  and  described  it  to  be  "periiaps  monads."  The  ta.\onomy  of  this  nematode 
parasite,  however,  has  been  subject  to  continuous  confusion  ever  since  Thome  (1940) 
described  the  first  member  of  the  group  and.  believing  it  was  a protozoan,  named  it 
Duboxqia  penernins.  He  could  not  have  realized  Its  baclerial  nature,  mainly  because 
ulirasiruetuml  techniques  were  not  available  to  him  and  the  concept  of  Ihe  prokaryotic  cell 
had  not  yet  been  inuoduced.  Thome's  (1940)  description  and  nomenclature  persisted  for 
35  years.  Although  other  scientists  worked  with  the  organism  and  queslitmed  its 
taxonomic  placement  (Wiliiams,  I960),  it  was  not  until  the  reexamination  by  Mankau 
(1975a),  using  electron  microscopy,  that  its  affinity  lo  bacteria  rather  than  protozoa  was 
revealed.  The  acmatode  parasite  was  renamed  flociHiupenermns  (Thome,  (940)  Mankau, 


(975. 


Only  a decade  ago.  Sayre  el  al.  (1983)  established  a sound  basis  for  die  taxonomy 
of  this  group  of  hyperparaslles.  Detailed  comparisons  of  the  genera  Pasifuria  and 
Bacillus  cleared  up  the  confusion  and  revealed  major  similarides  between  the  nerrutode 
parasite  and  Poilenna  romosn  (Sayre  and  Wergin,  1977;  Sayreel  al,  1983).  Their  close 
relaiionshipbecameobvious  in  several  disiinciive  motphological  chaiacieiistlcs,  such  as 
the  dicholomously  branched  mycelial  microcolonics  that  give  rise  to  fragmcniadon  and 
sporangia,  and  finally  to  endogenous  spores  formed  within  the  old  mother  cell  wall. 
Similarities  also  had  been  shown  al  the  ullraslruclural  level  in  the  unique  forms  and 
sequences  of  life  stages  of  the  two  organisms  (Sayre  and  Starr,  198S).  The  parasite  of 
plani-parusiiic  nematodes,  previously  known  as  Soci/fur  penerroru.  was  then  placed  in  the 
genus  PasKuria  and  renamed  Pastcuriu  penetrans.  However,  the  newly  named  bacterium 
was  by  no  means  a uniform  entity.  Diffeieni  isolates  of  this  organism  were  found  to  differ 
in  iheirphysical  and  pathological  characierisucs  (Bird  el  al.,  1990).  The  description  of  two 
new  species  followed:  PoireuriorhomeiSlarr&  Sayre  (1988),  which  parasiliaed  ihe  lesion 
nematode  Praiylenchus  brachyurus  (Godfrey),  and  Pasieuria  nishizawae  Sayre.  Wergin, 
Schmidt  4 Starr  (1991),  which  parasiliaed  cyst  nematodes,  Glabodera rasiochiensis'/JoW. 
and  Heierodera  glycines  Ichnohe.  A fifth  species,  which  parasitized  the  pea  cyst 
nematode,  Heierodera  goeningtasui  Liebscher.  has  been  reviewed  for  taxonomic 
classification  (Slurhan  el  al..  1994).  Numerous  Pasreiiria  spp.  have  endospores  distinctly 
smaller  or  larger  than  those  previously  described  (Chen,  1996;  Ciancio  and  Mankau,  1989; 
Ciancioelal..  1992;  1994;  Giblin-Davis,  1990;  Giblin-Daviselal.,  1990;  Jaffee  el  al„ 

1985;  Noe]  andSianger,  1994;  Sayre  cl  al..  1985).  Some  isolates  display  a cross-genera 
host  range  and  various  biological  chaiaclerislics(Bballachaiya  andSwarup,  1988;  Mankau. 
l975:Oostcndoipelal„  1990;  Pun  etal,  1993;  Sharma  and  Davies,  1996;  Vargas  and 
Acosta.  1990).  Thus,Posrertria  spp.  are  being  differentiated  by  )ios[  specificity. 


dcvelopEDcQt^  characieristics,  aod  shape  and  size  of  sporangia  and  endospores  (Sayte  and 
Starr,  1989). 


described  previously  as  rhe  P.  ptneirims  group,  Ciancio  et  al,  (1994)  concluded  ihat  host 
taxonomy  and  endospore  dimensions  are  of  limited  value  to  the  definition  of  Pasieuna 
spp.  This  would  partially  eiplain  a discovery  by  Davies  el  al.  (1992),  who  identified 
different  surface  proteins  of  endospoies  in  three  P.  p€netrans  populaliorvi,  all  parasites  of 
Mehidogyne  ineogniia.  A recent  study  shows  that  f penei«mspnxlucesheiero|eneous 
endospoies  (Davies  et  al.  1994).  These  subpopularions  of  endospores  show  specilicity  to 
various  nematode  populations. 

No  derinite  criteria  or  genetic  data  are  available  to  esutblish  whether  distinct  species 
of  Pasieurio  differing  in  their  biology  and  physiology  share  common  hosts  and 
morphometries,  or  whether  some  or  even  all  of  the  Pasiearia  members  should  be 
considered  as  pathotypes  of  a unique  species,  regardless  of  hosts  and  motphomeirics 
(Ciancio  et  al..  1994).  The  confusion  in  monomy  of /’asreara  probably  will  not  be 
clarified  until  Ihe  bacterial  genom  properties  are  elucidated.  Axenic  cultivation  of  the 
bacteria  is  ciucial  lo  understanding  the  biology  and  taxonomy  of  ftitreuiTd,  but  artificial 
culljvation  of  Aosrearia  spp.  has  not  been  successful  (Bishop  and  Ellar,  1991;  Ptevic  and 
Cox.  l993;Reiseelal„  1988). 


The  life  cycle  of  A.  penetrans  in  root-knot  nematodes  was  first  described  in  detail 


Based  on  a study  of  host  records  and  t 


1 of  pathotypes 


by  Sayre  and  Wergin  (1977).  Their  obsenalions  were  confirmed  by  Imbriaiu  and  Mankau 


( 1977)  and  additional  studies  have  contributed  useful  iiUbnnalion  on  the  life  cycle  (Davis  el 
al-,  l988tMankauandPrassad.  1977;  Sayre,  1988;  Sayre  and  Stair,  1985;  Siurhanetal.. 
1994),  /'osieuria^nei'vinslsadensliy  dependeniobligaieparasile  that  grous  and 
multiplies  within  the  bodies  of  plant*parasitic  nematodes.  Up  to  2.5  million  nonmotile 
endospores  are  produced  per  female  of  Meloidogyne  spp.  (Hewlett  and  Dickson,  1993)  and 
released  into  the  soil  environment  upon  degradation  of  the  nematode  carenss. 

The  developmental  stages  of  all  members  of  Pasuuria  spp,  parasitic  on  nematodes 
appear  to  be  similar,  but  there  are  differences  in  shapes  and  sizes  of  endospores  and 
sporangia  among  isolates  obtained  from  different  nematode  genera.  The  following  detailed 
description  and  illustration  of  the  developmental  stages  covers  P.  penetrans  and 
tVfelordogwie  sp,  and  draws  attention  to  other  species  for  notable  differences  (Fig,  1-1), 

Attaiihmeni.  The  organism  encounters  host  nematodes  when  endospores  passively 
adhere  to  the  cuticle  of  a migratoiy  stage  of  the  nematode  io  solL  In  the  case  of 
AfWoidogyne  sp.,  a smglesecond'Stage  juvenile  may  have  one  to  several  hundred 
endospores  attached  toils  cuticle  (Davies  ei  al,,  1991).  Mobility  and  infectivity  of  the 
second'Stage  Juveniles  (J2)  is  reduced  when  somewhere  between  7 and  50  endospores  are 
attached  to  thejuvenile  (Brown  and  Smart,  1985:  Davies  el  al.,  1938, 1990:  Sell  and 
Hansen,  1987;  Stirling,  1984).  Since  attachment  can  occur  readily  in  soil  or  aqueous 
suspension  (Slano  and  Sayre,  1982),  there  appear  lo  be  no  requirements  for  adhesion  other 
than  those  found  on  the  endospore  or  nematode  cuticle  surface. 

There  is  considerable  variation  in  the  ability  of  P.  penetrans  lo  attach  to  and  infect 
species  of  nematodes,  particularly  within  isolates  para,silic  on  Mehtdogyne  spp.  (Brown 
and  Smart,  1984;  Davies  etal.,  1988;  Davies  and  Danks,  1992;  1993:  Oostendorp  el  al,, 
1990:  Sell  and  Hansen,  1987;  Spauil.  1984;  Stirling.  1935;  Verdejo-Lucas,  1992). 

Cuticulor  vorinlions  in  uitrastniciure  and  composition  between  nematode  populations 


(Davies  and  Danks,  1992;  Reddignrielal.,  1986)  may  be  responsible  for  cUffeieni  levels  of 
acsachmenl.  The  gteaTesi  spore  anachmenl  occurs  when  endospores  are  exposed  lo 
Meloidogyne  spp.  from  which  they  were  originally  rsolated  (Davies  el  al..  1988;  Davies  et 


al.,  1994;  Ooslendorp  ei  al.,  1990).  Some  P.  penermrrs  isolates  allached  indiscriminately 


to  Meloidogyne  spp.  other  than  the  original  host  (Stirling.  1985). 

The  infective  juvenile  of  d/efoidogyrre  spp.  is  the  only  sti^e  that  appears  to  be 
parasitized  by  P.  pffneirans  (Mankau,  1980b),  and  this  could  perhaps  be  attributed  to  the 
cuiicuJar  surface  composition  thfferences  observed  between  the  nematode's  life  stages 
(Mcaure  and  Siynes.  1988).  It  has  been  suggested  that  the  surfaces  of  12  contain 
structural  carbohydrate  recognition  units  that  are  probably  not  collagen,  and  that  these 
interact  with  N-acetylglucosamine  moieties  on  the  endospore  surface  that  are  linked  to 
cither  glycoproteins  orpepddoglycans  (Bird  et  al.  1989;  Davies  and  Danks,  1993;  Spiegel 
elaJ.,  1996).  However,  it  also  was  suggested  that  collagens  might  be  Involved  in 
attachment  (Persidis  et  al..  1991).  Several  studies  suggest  that  host  specificity  is  caused  by 
differences  in  Ihe  amcunland  nature  of  surface  proteins  of  the  endospoiK  (Chen  elal., 
1997a;  Davies  el  al.,  1992,  1994). 


necessarily  followed  by  infeclitm  (De  Silva  and  Gowen,  1994).  The  endospore* 
encumbered  J2  penerraie  the  growing  tools  of  a host  plant  behind  the  root  cap.  In  the  zone 


the  vascular  tissue  where  feeding  starts  (Hussey,  1985).  Thereafter,  a germ  lube  emerges 
from  a central  pore  at  the  basal  side  of  the  endospore  and  penetrates  the  cuticle  and 
hypodcrmi.s  of  the  nematode  (Sayre  and  Stair,  1985).  There  is  evidence  that  germ  tubes 
which  do  not  penetiaie  the  cuticle,  emerge  between  Ihe  Tim"  of  die  perisporiura  and  the 


: nTiachmenl  10  S2  of  Meloidogyoe  sp.  is  not 


ofc 


, the  J2  reside  in  conical  tissue  with  their  heads  in  the  periphery  of 


cuticle  ofitienemstode(Bii’;hrield  and  Aniouopoulus.  1976).  Endospcte  germinullon 
appeals  lo  be  triggered  by  the  onsei  o/  Kreding  (personal  observations). 

Hie  protoplast  of  the  endospcte  enters  the  nematode  body  through  the  germ  tube 
and  develops  into  vegetative,  spherical  colonies  consisting  of  a dichoiomously  branched, 
septate  mycelitun  (Sayie  and  Starr,  19SS).  These  early  stages  (myceUal  colonies)  are 
visible  with  the  light  microscope  as  dense  granulation  within  the  nematode  pseudocoelom. 
Fragmentation  of  the  thalli  separates  the  mycelial  mosses,  which  ore  then  transported  in  the 
fluid  of  the  pseudocoelomic  cavity  through  the  body  of  the  host  nematode.  These 
fragments  give  rise  to  microcolonies  of  four,  eight,  or  more  terminaJ  cells.  In  advanced 
developmental  stages,  an  incieasing  number  of  colonies  with  two.  three,  or  four  club- 
shaped.  enlarged  leiminal  cells  are  seen  (doublets,  triplets,  and  quartets).  These  each  give 
rise  to  a single  sporangium  in  which  a single  endospore  is  formed.  The  process  of 
endospcte  formadon  appears  typical  of  that  found  in  other  endospuie-fomting  bacteria 
(Chen  ei  al„  1997b). 

As  the  sporangium  enlarges,  a septum  is  fomted  in  the  upper  Ihird  of  the  tnolher 
cell  sepanuing  the  incipient  fotespore  cytoplasm  horn  the  remainder  of  the  cell  (Chen  etal., 
1997b).  The  septum  growing  around  the/orespont  finally  provides  a double-layered 
membrane  that  encloses  the  condensed  cytoplasm.  The  wing-like  perisporium  and  the 
cortex  develop  between  the  two  membranes  surrounding  the  forespore.  An  inner  cortex 
and  outer  zone,  surrounded  by  an  irregular  granular  epicortical  layer  develops.  The  outer 
spore  coat  is  deposited  on  the  outer  membrane  and  forms  the  laminar  inner  coat  of  the 
mature  endospore.  Granular  material  of  the  spore  mother  cell  concentrates  at  the  basal  side 
of  the  endospore  and  is  finally  engulfed  by  the  exosporium,  which  surrounds  the  entire 
endospore.  Sporangia  are  of  lenticular,  almost  spheroidal  shape,  with  a round  to  conical 
upper  pan  and  an  irregularly  shaped  basal  part  When  and  where  Ihc  endospores  are 
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[Eleased  from  ihe  sporangia  Kinains  unknown  The  germination  of  a single  spore  is 
enough  to  craale  infection  in  i IHeloidogyne  sp.  female  (Siiriing,  1984).  Generally  the 
infection  rate  of  females  increases  with  increasing  endospoie  attachment  on  the  juvenUe 
(Davies  et  al..  I988t  Stirling.  1984). 

Paslearia  penetrans  is  morphologically  different  from  P.  rlromei  and  P. 
nishiztnvae  in  Shape  and  size  of  the  sporangia  and  the  endospores  (Sayre  etal.,  1998; 

1991).  Lighi  microscopy  revealed  that  mature  endospores  of  P.  penetrans,  includrng 
parasporal  fibers  and  sporangial  wall,  are  saucer  to  bowl-shaped,  measuring  about  )im 
In  diameter  and  about  3.6  pm  in  height.  Endospores  off*,  nisfrfrmvac  are  of  similar  shape 
with  a broadly  elliptical  central  body,  averaging  3.3  pm  in  diameter  and  about  4 J pm  in 
heighL  Endospores  of  P,  thomei,  however,  are  rhomboidai  shaped  and  smaller  in  size, 
averaging  3.5  pm  in  diameter  and  3. 1 pm  in  height.  The  Iransluceol  ciioular  perisporium  is 
easily  differentiated  from  the  distinct  spore  wall.  In  P.  penetrans  and  P,  nishizateae,  the 
spore  wall  decreases  in  thickness  toward  the  center  of  the  basal  side  of  the  endospore.  In 
P.  penetrans,  a morphological  drscreet  area  has  been  observed  on  the  basal  side  of  the 
endospore,  which  appears  lo  form  (he  germination  pore. 

Unlike  females,  moles  of  Meloidogyne  spp.  seem  to  become  parasiuzed  by  P, 
penetrans  rallier  rarely  (Abronles  and  Volos.  1988;  Freius  ct  al..  1996;  Hatz  and  Dickson, 
1992;  Page  and  Bridge,  1985).  Endospores  obtained  from  seven  isolates  of  P.  penetrans 
did  not  attach  lo  males  of  iW.  arenarfn  (Freitas  ci  al.,  1996),  and  observations  by  Hatz  and 
Dickson  (1992)  suggest  that  infected  males  were  a consequence  of  sex  reversal  because  no 
males  with  a single  gonad  were  observed  to  contain  endospores. 

Some  isolates  of  P,  penetrans  have  been  reported  to  complete  their  Ufa  cycles  in  J2 
of  Me/ottfogystc  spp.  (Giblin-Davis  et  al.,  1990;  Dickson  el  al„  1994).  OOta  Pasteuria 
spp.  from  Tylenchuliis  semipenerrans  Cobb  and  Heterodera  avenae  have  endospores  that 
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are  ixiorphologicaJIy  similar  lo  those  of  P.  penetrans,  but  they  reproduce  io  J2  and  not  in 
females  (Davies  el  al..  1990;  Fattahetal..  1989;  Kaplan,  l994;Sturhanet  al.,  1994; 
Winkelheide.  1993).  The  i.solate  specific  to  T.  remiperre/mns  also  reproduce  in  the  male 
(Kaplan,  1994).  Another  isolate  of  F penerrans  was  able  to  reproduce  in  FmryfencAus 
scrtfmeri  and  Afe/oirfogy/ie  spp.  (Oostendoip  et  al„  1990).  Pasieuriaip.  from 
Helicotylencus  tabus  fornied  mature  endospores  in  the  Juvenile,  female,  and  male  life 
stages  (Ciancioet  al.,  1992).  The  lifecycle  otP.  rhomet  con  be  completed  in  any  of  the 
Juvenile  stages  and  in  the  adult  of  its  host,  Prntylencitus  brachyurus  (Starr  and  Sayre, 
1938). 


Ecology  of  Pasuurio  sod. 

Pasteuria  spp.  are  widespread  in  different  bioit^res  and  habitats  (Ciancio  et  al., 
1994).  Their  spores  have  the  morphological  and  biochemical  feanrres  of  bacterial 
endospores  (Sayre  and  Wergin,  1977;  Williams  et  al..  1989),  and  therefore  can  tolerate 
environmental  extremes.  Factors  such  as  soil  molsnire.  soil  lemperanire.  soil  pore  size, 
organic  matter,  and  clay  eonient  are  important  in  the  ecology  of  P.  penetrans. 

Geoaraohic  distribution.  Pasteuria  spp.  are  worldwide  in  distribution  and  have 
been  rcponed  from  many  countries  (Table  1-1). 

Moisture  level.  Endospores  of  Pasteuria  spp.  are  resi.slant  to  desiccation 
(Williams  etal.,  1989b).  The  wolerconlent  of  soils,  however,  affects  hatching  and 
rrtoverrtenl  of  nematodes  (Baxter  and  Blake,  1969)  and,  therefore,  is  likely  to  influence  the 
efficacy  of  f.  penerronr.  Davies  etal- (1991)  reported  soil  moisture  affects  the  growth  of 
P,  penerrtrn.r  within  developing  females.  However.  P.  penerrun.rwascultivated 
successfully  in  a hydroponic  solution  (Serracln  et  al„  1997).  which  suggests  that  the  failure 
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of  Davies'  sysiem  was  probably  due  lo  poor  developmeui  of  ihe  rool  system  in  wet  soils. 
Isolates  ofP.  penetrans  hove  survived  for  several  weeks  in  dry,  moist,  and  wet  soils,  and 
in  soils  with  fluctuating  moisture  levels  without  loss  of  their  ability  to  attach  to  their 
TMmatode  hosts  (Oosiendorpetal.,  1990).  Theirabundance  in  soils  is  positively  coirclated 
with  increasing  amounts  of  annual  rainfall  (Ko  ei  al.,  1993). 

Temnerarure.  Attachment,  Infection,  and  pathogenesis  of  ^orreurin  spp.  is  affected 
by  temperature  (Ahmed  and  Gowen.  1991;  Fieitas  et  al..  1997;  Hatz  and  Dickson.  1992: 
Nakasono  el  al..  1993:  Sekhai  and  Gill.  1990a:  Serracin  el  al..  1997:  Serracin-Uiaie,  1993: 
Singheial..  1990:  Stirling.  1981:  Stirling  el  al..  1979. 1990).  Stiriing  (1981)  found  that 
temperatures  near  or  above  the  optimum  for  the  nematode  caused  P.  penetrans  to  attach  al 
higher  rales  and  lo  proliferate  extensively  before  the  infected  female  host  reached  maturity; 
in  contrast,  al  20  *C  the  rate  of  attachment  decreased  and  females  often  developed  ovaries 
containing  eggs  befoce  infection  prevented  further  development. 

Endospore  densities  of  P.  penetrans  in  soil  increase  with  an  increase  of  the  average 
annuallemperaiurefKoelal..  1993).  Walker  and  Wachie!  (1983)  observed  that  soil 
soiarization  with  clear  polyethylene  increased  the  rale  of  infection  ai  Metoidogyne  javaniea 
by  F.  penetrans.  The  higher  soil  lemperarure  may  have  led  lo  an  increase  in  allachmeni 
rates  because  of  tbe  likely  increase  in  nematode  mobility,  thus  leading  loan  increased 
probability  of  endospore  contact  vdih  J2.  on  the  other  hand  the  higher  temperature  may 
have  simply  increased  the  rate  of  nematode  development,  iheieby  increasing  endospore 
numbers  in  soil.  Recent  studies,  however,  have  shosvn  that  atiachmenl  of  endosperes  to  12 
was  reduced  after  endosporcs  were  exposed  10  40,  50,  and  60 'C  (Freitas  et  al„  1997). 
Attachment  occurred  following  healing  of  endospores  lo  30 ’C  for  30  minutes,  buiF. 
penetrans  did  not  develop  inside  Ihe  nematode  (Dutky  and  Sayre.  1978).  Although  ihe  rate 
of  atiachmeut  has  been  repotted  lo  be  reduced  when  endospores  were  treated  at  100  "C  for 


ai  least  30minules,  ailechmeni  was  not  prevented  (Freitas.  1997;  Slirliit|ei  al.,  1986; 
Williams  el  al„  1939b).  The  greatest  recepUviiy  of  J2  of  M.  arenaria  to  endospore 
attachment  occurred  when  J2  were  treated  in  water  al  30  *C  and  35  *C  and  then  exposed  to 
endospores  (Freila.s  et  a)..  1997). 

* Soil  rvne.  Rasietiriti  pffnetrans  was  delected  in  a wide  variety  of  soil  types  ranging 
from  pure  sand  to  organic  soils  (Sturhan,  1935).  Observations  in  laboratory  esperimeots 
suggest  that  an  increasing  sand  content  might  improve  endospore  attachntent  (Singh  and 
Dhawan.  1992).  Other  workers  demonstrated  that  soil  texture  had  no  effect  on  endospore 
attachment  (Hewlett,  personal  communication).  Sandy  soils  allow  endospores  to 
distribute  readily  with  pcicolating  water  (Oostendorp  et  al..  1990). 

Oraanic  matter.  The  organic  matter  component  of  soil  Is  unlikely  to  influence 
Pasituria  spp..  other  than  providing  fungal  antagonists  of  nematodes  with  more  favorable 
habitat  and  fbodsource  (Kerry.  1993).  Habitat  and  food  sources  may  influence  the 
biological  control  attributes  of  P.  ptnelmns  (Dube  and  Smart.  1987;  Maheswari  and  Mani. 
1988).  Mode  of  action  of  organic  amendments  against  nematodes  consists  of  more  than 
the  direct  effects  on  nematophagous  fungi.  When  organic  soil  amendments  in  the  form  of 
oilcakes  were  added  loF.  pe/iernin.r-infested  soil  in  a pot  expcrimenhM.yovon/ca  was 
syncrgisdcally  reduced  (Maheswari  et  ah.  1988).  Organic  amendments  can  improve  soil 
siructuieand  soil  fertility,  alter  the  level  of  plant  resistance,  release  toxic  compounds,  aitd 
siimulatc  nematode  aniagonisdc  microorganisms  (Stirling.  1991 ).  All  of  these  changes  by 
organic  amendments  may  affect  soil  nematode  densities  dramatically. 

rhemienl  Paneuria  peneiraiis  was  detected  in  acidic  as  well  os  tn  alkaline 

soils  (Sturhan.  1985).  However,  the  optimum  pH  for  attachment  of  endospores  of 
Pasieuria  spp.  is  between  7.0  and  8.5  (O’Brian.  1980).  The  endospore's  resistance  to 
chemical  compounds  allows  them  to  survive  nemaiicide  applications  (Mankau  and 


Prassod,  1972;  Siirling,  1984).  Nemalosiadc  field  doEagesof  1 J-dichloropropene, 
aldicarli.cart’ofiiran,  fetiamiphos,  and  etboprop  had  no  ncliceable  efTect  on  P-penesra^ 
(Mankau  and  Pra-aad,  1972).  Increased  aiiachment  by  P.  pe/ieinwj  was  observed  when 
subnemaiosiatic  concenmilions  of  organophosphaie  or  organocaibaniaie  neuialicides  were 
applied  to  soil  comainingnetnalodes  and  endospores  (Brown  and  Nordmeyer,  1985).  As 
reported  by  Bunt  (1987).  the  low  coneenuaiion  of  a nomaticide  might  have  increased  the 
random  nematode  movement  in  the  soil,  which  would  increase  the  likelihood  of  contact 
with  bacterial  endosporcs.  Freitas  (1997)  reported  that  chloropicrin  alone  or  in 
combination  with  methyl  bromide  was  highly  detrimental  to  the  development  of  P. 
perteirans  because  endosporc  formation  was  inhibited. 


more  than  236  nematode  species  in  102  genera,  including  plant  parasitic  and  free  living 
species  (Ciancioeial.,  1994;  Sturhan,  1985;  1988).  In  several  observations  the  hosl- 
parastie  relationship  is  based  on  cuticular  attochmenl  only.  Siirling  (1991)  concluded  lhai 
such  published  data  should  be  treated  with  caution,  because  endospote  attachment  docs  not 
actually  determine  parasitism.  Because  of  its  obligate  nature,  the  bacterium  is  unable  lo 
reproduce  in  Ihe  absence  of  the  hosi  and  would,  therefore,  be  disadvantaged  if  it  eliminated 
Its  host.  With  increasing  endosporedensilies  in  soils,  the  infeciivityofendospore- 
encumbertd  J2  of  Meloidegyne  sp.  has  been  shown  lo  be  reduced,  thus  leading  to  the 
production  of  fewer  endospore-filled  females  (Siirling.  1991).  Endospote  densiiies  are 
likely  10  stabilize  al  a cetiain  equilibrium  level  (Stirling,  1991 ).  Williams  (1960)  and  laier 
Spaull  (1984)  noted  this  density-dependent  relationship  between  P.  pentlmns  and  its 
Meloidogyne  host. 


enerrans  parasitism  has  been  recorded  for 
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Biolwical  conirol  anribuLgi 

Since  the  lime  that  Sayre  and  Suit  (1988)  reported  A’iu»ur;a  spp.  lo  be  parasitic  to 
most  species  of  plaiH-parasiiic  neinaiodcs.  imich  effonhas  been  made  to  undetaiand /■. 


penermna  isolates  that  parasitiae  the  economically  important  root'knot  nematodes. 
Pasuuria  penetrans  has  many  of  the  attributes  required  by  a successful  biological  conirol 


agent.  The  bacterlLim  produces  no  environmental  hazards  and  induces  or  pievents 
reproduction  of  its  host.  Also,  it  induces  the  infectivity  of  endospore.encumbered  juveniles 
to  their  plant  host.  Infectivity  may  be  reduced  when  as  few  as  iS  endospores  are  auached 
to  the  Juvenile  (Davies  et  al..  1988).  Juveniles  are  prevented  invadbg  roots  when 
they  areeachencumberedwithZS  to  30  endospores  (Stirling,  1984;  Stirltog  etal.,  1990). 

Host  soecifieitv  isolates  of  P.  penetrans  can  vary  in  specificity  to  different 


Meloidogyne  epp.  (Brown  and  Smart,  1984;  Davies  ei  al..  1988;  Davies  and  Danks.  1992; 
1993;  Oostendoip  el  al.,  1990;  Sell  and  Hansen,  1987;  Spoull.  1984;  Stirling,  1985; 
Verdejo-Lucas.  1992).  Reid  populations  of  Meioidogyne  spp.  may  be  diverse,  and  it  is 
possible  that  populations  of  P.  penetrans  with  a restricted  host  range  will  affect  nematode 


species  to  varying  degrees.  However,  if  there  is  lime  for  natural  selection  to  lake  plate,  it 
may  be  possible  for  new  strains  of  Pasreitria  spp.  to  evolve  that  are  beller  fiued  to  the  Iceal 


environment  or  that  are  more  vinjienilo  the  local  nematode  population.  Davies  el  al. 


initially  poor  host  ofaP,  penetrans  isolate  became  more  susceptible  to  the  parasite  when 
exposed  to  endospores  grown  on  nemaiiades  of  its  own  species.  However,  individual 
nematodes  escaping  parasiiism  produced  a generation  with  increased  resistance  to 
allachmeni  by  endospores  of  that  particular  P.  penetrans  isolnle.  The  authors  concluded 
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ihm  populations  of  P.  penrtnms  and  Miloidogyne  spp.  can  be  genetjeaUy  helerogeneous 


ensure  durable  biological  control  (Channerand  Gowen,  1992;  Tzonzakakis  and  Gowen, 


maintain  itself  in  situations  in  which  nemaiode  populalions  are  altered  by  a change  in 
cropping  practice  (Sliding.  1991). 


for  up  to  several  years  without  apparent  loss  in  tbe  ability  to  attach  to  host  nematodes 
(Mani,  19S8;  Mankau  and  Prassad,  1977;  Stirling  and  Wachtel,  1980).  Their  viabUity  was 
retained  following  repeated  freezing  and  thawing  (Bird  el  al..  1990).  Since  the  endospores 
are  relatively  small,  they  can  be  applied  easily  to  the  soil  surface  and  redistributed  by 
peicolating  water  (Oosiendorp  et  al..  1990),  which  is  a particularly  useful  attribute  for  a 
biological  control  agent  (Stirling,  1991). 

Obligate  noraiiiism.  The  apparent  obligate  nature  of  parasitism  by  PasUuria  spp. 
limits  their  biological  control  potential  for  two  reasons.  Spores  that  lose  their  viability  or 

nematodes  and  susceptible  host  plants.  More  problematic  is  the  lack  of  efficient 
technology  for  the  industrial  pioduciion  of  the  organism  (Bishop,  1991;  Dickson  et  al., 
1994;Rei5eetal.,  1988;  SliiUng,  1991).  This  constraint  stimulates  effoits  in  the 
exploitation  of  naturally  occurring  isolates  of  P.  penetrans  for  control  of  Meloidogyne  sp. 
in  home  ganlens,  small-holdings  of  subsistence  farmers  (Covren  and  Ahmed,  1990).  and 
boniculrtiral  industries  (Dunn,  personal  communication;  Giblin-Davis,  1990). 


with  respect  to  host  specilicity  and  susceptibility,  respectively.  Thus. 


I994h).  Genetic  diversity  within  I 


Natural  cofitml 

Plam-purasiliu  nemaiixles  and  Iheir  bacicriaJ  parasiies  have  co-evolved  for  a long 
lime  (Ciancioei  aj„  1994).  There  are  few  dua  on  ihe  exieni  of  nematode  suppression 
caused  by  Pasreurio  sp.  in  undisturbed  soil  or  in  soils  with  continuing  monoculture.  With 
increasing  awareness  about  the  qualities  of  the  hyperparasiies,  more  effort  have  been 
invested  in  long-term  field  studies,  and  the  processes  in  which  soils  become  suppntssive  to 
nematodes  are  becoming  better  undeistood  (Chen,  1996b;  1997c;  Dickson  ei  al.  1994; 
Oosiendorpetal..  1991a;  Stirling,  1991;  Weibelaahl-Fultonel  al.,  1996). 

Paswurio  sp.  may  have  little  short-term  impact  on  nematode  populations  at  low 
spore  densities  because  only  a few  nematodes  come  in  oomact  with  the  endospores. 
However,  with  each  infireied  root-knot  nematode  female  capable  of  producing  up  to  2.3 
nullion  endospores,  endospore  densities  increase  over  time,  thereby  reaching  nematode 
suppressive  levels  (Oosiendorpetal.,  1991a;  Chapter  3).  Williams  (I960)  and  later  Spaull 
(1984)  noted  that/*,  penetrans  had  little  impact  on  Ihe  severity  of  root-biol  nematodes  in  a 
natural  infestation  of  both  parasite,s;  however,  the  bacterial  parasite  may  still  have  been  in 
an  early  phase  of  population  build-up.  Oihera  have  reported  soils  with  root-knot 
nematodes  and  P.  penetrans  becoming  highly  suppressive  to  the  nematode  (Bird  and 
Brisbane,  1988;  Chen  el  al.,  1994;  Dickson  el  al.,  1994;  Miaion  and  Sayre,  1989;  Stirling, 
1984;  Weibelaohl-Fullon  and  Dickson,  1996;  Weibelzahl-Fullon  et  al.,  1996).  When  root- 
knot  nematode  and  P.  penetrans  infested  soils  were  tested  for  their  suppressi  veness.  the 
rate  of  reproduedon  of  Meloidagyne  spp.  was  frequently  reduced  in  untreated  soils 
compared  to  soils  in  which  P.  penetrans  had  been  eliminated  by  autoclaving  (Dickson  et 
al.,  1994;  Weibelaahl-Fulton  el  al.,  1996).  Nematode  suppression  was  enhanced  by 
cultivation  of  susceptible  hosts  for  several  consecutive  years. 
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In  3 pot  experiment,  soil  nnturaJIy  infested  with  Behnolaimus  longicaudaius  Rau 
end  a Pasuuria  species  specIHc  lo  die  nematode  was  not  suppressive  to  its  host  nematode 
for  the  first  6 months  (Giblin-Davis  et  al..  1990),  however,  at  12  months  post-inoculation 
there  was  an  increase  in  the  number  of  ^osteurm-filled  nematodes.  The  nematode  density 
was  significantly  lowered  (Giblin-Davis,  1990), 


Inundalive  amlicalion 

Despite  the  difficulties  scientists  originally  faced  in  working  with  spore -infested 
soil.  P.  penetrans  gave  promising  results  against  M.  incognita  in  pot  experiments 
(Mankau,  1975b).  An  improvement  of  the  mass-production  technique  allowed  scientists 
to  produce  a spore-laden,  easily  handled  cool  powder  (Stirling  and  Wachtel,  1980).  This 
provides  a means  for  more  extensive  testing  and  further  confiitnadon  of  the  bacterium’s 
potential  as  a biological  control  agent.  Conuol  of  Meloidogyne  sp.  by  P.  penetrans  was 
reported  from  greenhouse  tests  (Brown  and  Nordmeyer,  19S5;  Charmer  and  Gowen,  1988: 
Maheswari  and  Mani,  1988,  Maheswari  et  al..  1987;  1988;  Raj  el  al„  1988;  Raj  and  Mani, 
1988;Tzoiuakaids,  1994a:  Vargas  etal.,  1992),  microplol  studies  (Brown  el  ai„  1985; 
Cbenetal..  1996b;  1997c;  Dairdi,  1 990;  Dube  and  Smart,  1987;  Ooslendoipel  a)..  1991a), 
and  small-scale  ricldexpcriraenls(Channot  and  Gowen,  1988;  Stirling,  1984). 

Several  investigators  have  provided  estimates  of  the  endospote  population  density 
needed  in  the  soil  lo  provide  nematode  comrot  (Brown  and  Smart,  1985;  Chen  el  ai., 

1996b;  Daviescial..  1989;  1990;  Sell  and  Hansen,  1987;  Stirling,  19*4).  A concentraUon 
of  10*  endospores/g  of  soil  prevented  12  o(  Mehidogvne  spp.  from  infecting  plant  roots 

when  the  nematode  moved  either  4 or  8 cm  through  the  soil  (Stirling  et  al„  1990). 

Nematodes  that  moved  2 cm  through  the  soil  were  infective  but  they  did  not  produce 
progeny  because  of  infection  by  the  bacterial  parasite.  Concentrations  as  low  as  10* 
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eadospomi/g  of  soil  reduced  rooi-knoi  nemiuode  fecundity  (Ahmed  end  Cowen,  1991; 
Cowenelal.,  1989),  end  ceused  suppression  of  Af.  arenaria  infection  on  peanut  (Chen  el 
el,  1996b),  Densities  of  lO'cndospores/g  ofsoil  throughout  the  lop  IS  cm  provides  levels 
of  control  comparable  to  e nemaiicide  application  (Stirling,  1991).  Most  recently.  Chen  el 
al.  (1996b)  demonstrated  that  adding  10,000  to  100,000  endospores  per  g of  soil  to  root< 
knot  nematode  infested  soil  provided  control  of  Af.  orenono  on  peanut  in  the  first  season. 
Application  of  A penetrans  endospores  2.S  cm  deep  in  soil  appeared  to  be  more  effective 
for  parasitism  of  M.  incognita  cm  tomato  than  a surface  application  or  an  application  5 cm 
deep  (Ahmad  et  al„  1 994). 


There  have  been  several  ailerapis  to  integrate  P.  penetrans  with  other  nematode 
manogement  techniques,  Synergistic  effects  on  the  management  of  Afeforr/ofy'respp.  were 
reported  from  greenhouse  experiments  in  which  P.  penetrans  was  combined  with 
organophosphate  or  organocarbumatc  nematicides  at  nematostolic  field  application  rates 
(Maheswnri  et  al.,  1987;  Tzortxidtakis,  1994a)  or  at  subnemaioslatic  rates  as  low  as  1.5 
ppm  and  0.25  ppm,  respectively  (Brown  and  Nordmeyer,  1985).  Successful  control  of 
Meioidogyne  spp.  also  may  be  obtained  by  combining  A penetrans  with  one  or  seveml 
other  biological  control  strategies  Dc  Leij  et  al.  (1992)  noted  that  the  egg  mass-colonizing 
fungal  endoparasile  VerricrYlin/w  ciiittmydosporium  Goddard  complimented  the  suppression 
of  M.  incognita  by  A penetrans  by  attacking  adiffcrcnl  life  stage  of  the  nematode,  thus 
giving  bener  results  than  either  of  the  organisms  alone  or  ihe  nematicide  treatment.  Similar 
results  were  obtained  in  experiments  where  Paeciiomyces  lilacinus  (Dube  and  Smart, 

1987;  Mahe.swariand  Mani,  1988;  Shahoad  ci  al.,  1990;  2iikj  and  Maqbool,  1991), 


Talaromycts  flavus,  or  Bacillus  sitbiiUs  {Zaki.  1991)  wete  added  as  additional  nematode 
antagonists,  or  where  oil  cakes  were  added  as  a soil  amendment  (Maheswari  eiaJ..  I98S). 

The  efficacy  of  P.  pencimns  was  enhanced  with  soil  solarizaiion  applied  alone 
(Freitas.  1997;  Walker  and  Wachtel,  1989)  and  in  combination  with  an  orgnnophosphate 
nematicide  (Tzottzakakis.  1994a:  Walker  and  Wachtel.  1989).  The  population  density  of 
P.  pffftfmms  also  was  affected  by  crop  rotations  and  winter  cover  crops.  In  the  presence  of 
a susceptible  host  plant,  the  density  of  P.  penermru  endospores  build  up  in  the  presence  of 
an  IncreasingAfe/oik/ogynespp.  population  (Browner  of..  I98S:  Chen  el  al..  l994:Madulu 
el  al..  1994;  Oostendorp  el  al..  1991a).  A non-host,  resistant  host,  or  fallow  rotation  has 
been  shown  to  hamper  the  increase  in  endospore  density  (Chenei  al„  1994;  Module  et  ol.. 
1994;  Oostendorp  etal.,  1991a).  Summer  crops  were  generally  more  effective  than  winler 
cover  crops,  which  is  probably  explained  by  the  high  lemperanire  dependence  of  both  the 
root-knot  nematode  and  its  bacterial  parasite. 


'id  SPB. 


Pasieuria$pp.  can  be  detected  readily  on  or  In  nematodes  using  a number  of 
simple  techniques.  Endospore-encumbered  or  endospore-rilled  migratory  nematode  stages 
have  to  be  extracted  from  the  soil.  One  method  for  their  extraction  is  to  use  a centrifugal- 
flotation  technique  (Jenkins.  1954).  Increasing  the  specific  gravity  ofthe  sucrose  solution 
used  in  the  centrifugal-nouiion  technique  from  1 .14  to  1 .22  and  1 .26  led  to  recovery  of  a 
higher  number  of  spore-filled  bodies  of  Prasytencus  scribneri  and  B.  longicauJaius, 
respectively  (Oostendorp  el  aL.  1991b).  Extraction  efficacy  of  endospore-filled 
Hophlaimus  galeaius  (Cobb)  Thome  was  not  increased  with  the  denser  sucrose  solutions. 
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Nemaiodn  may  be  examined  for  adhering  or  imemal  endospores  with  the  aid  of  on 
inverted  microscope  at  X400  magnificalioii.  For  easier  deiecUon,  endoapores  adhering  to 
the  body  of  a ncmoiode  may  be  sloirKd  with  Brilliant  Blue  G (Bird,  1988),  or  labeled  with 
fluorescein  (Cbameoki,  1997;  Chomccki  etal,,  1996).  Detection  of  endoapores  in  soil  can 
be  increased  by  adding  host  nematodes  to  a soil  sample  and  storing  the  sample  for  several 
days  to  allow  the  nematodes  to  migrate  through  the  soil,  or  by  adding  the  nematodes  and 
water  to  the  soil  and  shaking  the  contents  for  24  hours  before  extraction  (Stirling  and 
White,  1982).  The  attachment  of  endospotes  to  the  nematode  body  does  not  indicate 
infection;  evidence  of  internal  parasitism  is  needed  to  confirm  that  the  nematode  is  actually 
a host.  The  parasite’s  presence  can  he  confirmed  by  squashing  females  on  a glass  slide 
and  observing  them  for  the  presence  of  vegetative  stages  or  endosporcs  of  the  pnia.siie 
(Hatz  and  Dickson,  1992).  For  better  recognition  of  the  different  developmental  stages  of 
the  baclerium,  specimens  can  be  heal  fixed  and  Cram  stained  (Cappuccino  and  Sheiman, 
1986).  A simpler  lechnique  by  Semicin  et  al.  (1997)  used  lactophenol  and  1%  methyl  blue 
slain  to  dye  the  bacterial  structures  inside  the  nematode  body.  However,  its  application  did 
not  successfully  slain  bacterial  sirucrures  in  vermiform  J2  of  Meloidogyne  sp. 


With  the  exception  of  the  soil-inhabiting  mature  endospore,  the  bacterium's  other 
life  stages  can  only  be  found  inside  nemaiodc  bodies,  in  sedentary  nematodes,  such  as 
We/otdogjTiespp.,  Tylenchulus  semipeniinms.  Heiinulfra  glycines,  H.  goeilingiana.  ani 
Globodera  rosiochiensis,  early  life  stages  of  Pasteuria  spp.  can  be  found  in  sedentary 
juvenile  singes  and  in  the  adult  female  (Sayre  ei  ol.,  1991a;  Snirhan  el  al„  1994; 
Ooslendorp,  personal  communicaiion).  These  nematode  life  stages  con  be  dissected  from 
enzymaUcally  digested  plant  tissue  (Hussey.  1971).  Endospoie-filled  females  of 


Melouiogyne  ipp.  are  usually  whire,  opaque  and  larger  Lhan  uninfected  females  (Hatz  luul 
Kckaon.  1992).  The  Infected  females  can  be  distinguished  visually  and  collected  by  hand 
with  the  useof  a stereoixiictoscope.  Migratory  life  stages  of  sedentary  nematodes  and 
ectoparasitic  nematodes  parasitized  with  Pnsieuria  spp.  must  be  hand-picked  from 
nematode  suspensions  after  they  are  eiuacted  from  soil.  By  surface  steiilizlng  Infected 
nematodes  and  squashing  them  in  sterilized  water,  different  life  stages  of  Fasteuria  spp. 
con  be  observed  free  of  contaminating  microorganisms  (Williams  et  al,  1989). 

Quantiricaiionofendosnores  in  soils,  root  powder,  or  suspensions 

The  quantification  of  the  bacterial  endosjsoies  is  important,  because  the  efficacy  of 
Pasuurw  spp.  is  density  dependent  (Stirling,  1991).  However,  methods  forenumeration 
of  Pasuiiria  spp.  in  soils  have  received  littie  attention,  and  endospore  densities  in  the  soil 
are  usually  based  on  the  number  of  endospores  attached  lo  soil  inhibiting  nematode  stages. 
Time  and  effort  to  determine  the  number  of  endospores  of  P.  paieirans  auached  to  J2  of 
Mrloidogyne  ipp.  may  be  reduced  considerably  by  using  tally  thresholds  (Chen  and 
Dickson.  1997). 

Juveniles  of  M.yovanica  were  used  as  probes  for  P penetfarti  (Stirling,  1934; 
Stirling  and  White,  1982).  and  since  there  is  a direct  relationship  between  endospore 
concentration  in  soil  and  the  nun*er  of  endospores  attached  (Stirling  elal..  1990),  a 
bioassay  was  developed  lo  estimate  the  relative  endospore  density  in  soil  (Ooscendorp  el 
al.,  1991a).  By  using  a particular  probe  nematode  in  the  bioassay,  only  thalcomponeni  of 
the  P.  penetrans  population  that  allaches  to  that  nematode  is  delected. 

Endospores  also  have  been  extracted  from  soil  by  djfferenlial-centnhjgalion 
(Davies  elal.,  1990);  however,  the  technique  is  redious  and  difficult  louse.  The  total 
number  of  endospores  in  a particular  soil  moy  not  accurately  reptesenl  the  suppressivness 
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of  U»  soil;  ibiu  accorduig  lo  Slirling  (1991).  abioassay  isa  more  uuFuJ  quamificaiion 
mathod  than  the  use  of  a direct  extraction  method. 

Chen  ei  al.  1 1996a)  observed  that  the  highest  estimate  of  the  number  of  endospores 
in  root  material  was  obtained  by  suspending  machine  ground  root  powder  in  deionized 
water  and  pouring  the  material  onto  a 25D-pm-pore  sieve.  Endospores  passed  through  the 
sieve  and  were  concentrated  in  water,  and  the  number  of  endospores  was  calculated  with 
the  help  of  a hemacytometer.  This  refined  quantification  allowed  an  Improveineni 
compared  to  the  previous  application  of  the  inoculum  by  weight  (Brown  et  al.,  l9Sd:Dube 
and  Sman.  1987;  Raj  andMani,  1988;  Stirling.  1984;  Zaki  and  Maqbool,  1991;  1992a; 
1992b). 


Methods  have  been  developed  for  the  production  of  P.  penetrans  endospores  in 
females  of  Wefoidogywe  spp.  parasitizing  plant  roots.  This  is  currently  necessaiy  because 
in  vimjcultivation  has  not  been  successful  (Bishop  and  EUar,  1991;  Previc  and  Cox,  1993; 
Reiseel  al..  1938).  Pasreuria  penerrarrs.encumbered  J2  of  MehuJogyne  sp.  must  be 

inoculated  onloasusceptible  host,  such  as  tomato  (Stirling and  Wachlel,  1980).  Once  the 

bacterium  has  developed  to  maturity,  the  root  systems  may  be  harvested,  washed,  air  dried, 
and  ground  into  a fine  endospoce-laden  powder.  Although  tomato  plants  are  most 
commonly  used,  cucumber,  Cuctirbiia  vulgaris  L.,  was  shown  lo  yield  higher  cndospore 
numbers  than  tomato  (Choet  al.,  1997).  This  system  may  produce  a highly  variable  yield 
of  endospores;  however,  it  is  superior  lo  the  use  of  endosporc  infested  soil  (Dutky  and 
Sayre,  1978;  Monkau  and  Prassad,  1977).  The  plant  system  has  been  optimized  (Shaima 
and  Stirling,  1991),  and  most  recently  a hydroponic  cultivation  system  has  been  reponed 
(Seiracln-Ulaie,  1995).  Verdcjo  andiaffee(l938)  used  agnotobiotic  technique  for 


producing  endosporcs;  however,  this  merhCNi  requires  rigorous  aseptic  conditions  and  is 
theiefoie  not  a good  procedure  for  general  use. 

The  time  period  required  for  P.  peneiraiis  to  complete  its  life  cycle  has  been  shown 
to  vary  with  difTerent  Isolates  (Haiz  and  Dickson,  1993:  Senacin  eial.,  1997:  Stirling. 
l9Sf).  Thus,  a random  determination  of  the  progress  of  the  bacterium's  development  in  a 
cultivation  system  can  help  avoid  harvesting  prematurely,  thus  improving  the  efAciency  of 
the  endospore  yield.  The  lack  of  an  efficient  technology  for  the  mass-cultivation  of 
Pasceuria  spp.  endospores  is  the  greatest  impediment  to  the  use  of  this  itucroheas  a 
biological  control  agent  (Dickson  el  al„  1994;  Stirling,  1991). 


Allnchmenl 

Endospore-hosi  aiiachmeni  studies  are  the  first  step  inesloblishing  the  host 
specificity  af?asreuniz  spp.  and  determining  their  biological  efficacies.  Most  of  the 
techniques  rely  on  nematode  movement  through  soil  (Brown  and  Smart,  1985),  water 
(Chanoer  and  Cowen.  1988),  or  agar  (Verdejo  and  Jaffee.  1988).  when  each  is  laden  with 
endospores,  or  the  agitation  of  a nematodc-endospore-water  suspension  (Ahmed  el  al., 
1990:  Bird,  1986:  Bird  el  al.,  1990;  Davies  el  al..  1988;  Oosiendoip  eial„  1990)  Hewlett 
and  Dickson  (1993)  consistently  achieved  aiiachmeni  off.  pene/rans  to  Meloidogywe  spp., 
H.  galeaius,  andf.  longicaudaiiu  using  a cenirifuge  technique.  The  method  is  fast,  and 
allows  studies  of  Pasteuria  spp.  collected  from  nematode  species  that  yield  relatively  few 
endospores  per  cadaver. 


The  objectives  of  this  dissenalion  were  I ] lo  monitor  the  population  densities  of 
Meloiilogyrjtf  spp.  and  P.  penetrans  in  microplots  and  in  a naturally  infested  tt^acco  field; 
2)  to-develop  a lest  for  soil  suppmssiveness  that  allowed  the  determination  of  the  role  of  P. 
penetrans  in  suppressing  Melouiogyne  spp.  populations  in  both  microplots  and  lobocco 
field  plots:  and  3)  lo  evaluate  the  effect  of  cultural  practices,  such  ns  an  Intercropping 
system  with  com  and  beans  in  rotation  with  peanut,  autumn  cover  crops,  resistance,  and 
fertilizer  regimes  on  the  population  development  of  bffih  M.  artnaria  and  P.  penetrans. 


CHAPTER  2 

POPULATION  DEVELOPMENT  OF  MELOIDOGYNE  ARENARIA  RACE  I AND 
PASTEURIA  PENerRANS  IN  A 6.5- YEAR  MICROPLOT  STUDY 


The  pcanul  rool-knol  nemaiode,  Meloidogyne  arenaria  (Neal)  Chitwood  race  l.ia 
one  of  the  most  imponcml  soil  pathogens  of  commercially  grown  peanut  {Arachii 
hypogoeoL.)  (Minion,  19S4).  It  occurs  on  peanut  in  many  countries  and  is  especially 
uoubiesome  in  the  southeastern  United  States  (Minion.  1984:  Porter  etal.,  1984). 
Continuing  environmental  problems  associated  with  the  use  of  nemalicides  (Thomason, 
1987)  has  resulted  in  more  scientists  studying  nematode  management  strategies  alternative 
to  chemical  control  (Kerry,  1990).  The  use  of  mictobia!  ngents  for  biological  control  of 
plant-parasitic  nematodes  is  an  alternative  management  tactic  that  is  receiving  incmased 
interest  among  nemalologisrs.  Among  many  organisms  identified  as  antagonists  of  plant- 
parasitic  nematodes,  the  endospore  forming  bacterium,  Pcuieuria  peneirtms.  has  been 
demonslraied  to  have  potential  for  the  cootrol  of  mainly  Meloidogyne  spp.  It  has  been 
suggested  that  P.  peneirans  may  suppress  nematode  population  densities  below  economic 
damage  levels  (Chen  et  al..  1996b;  Dickson  ei  ol.,  1994;  Minion  and  Sayre.  1 989;  Stirling, 
1991).  In  order  to  determine  the  efficacy  of  the  density-dependent  obligate  parasite,  it  is 
important  to  understand  its  development  as  influenced  by  its  nematode  host. 

The population  densities  o/P.pMrrrjtir  and  of  Af.o/v/iari<7  race  1 with  and 


without  the  nematode  antagonist  were  determined  from  the  spring  of  1987  to  (he  fall  of 


1989  (Oostendofp  ei  al.,  1991a).  During  this  period,  soil  suppressive  K>M.  argnaria  was 
produced  in  microplois.  The  microplois  had  been  plamed  cominuously  lo  peanut  in 
summer  and  either  vetch  (Vtcur  vilhsa  Roth)  or  wheat  (Trtricum  ovenne  L.  cultivar  302), 
rye  {Sgcale  eeralg  L.  cultivar  Wrens  Abruzzi),  or  bate  fallowed  during  the  winter. 

Pasuurui  pgngirans,  initially  applied  to  the  soil  in  relatively  low  numbers,  was  increased  lo 
numbers  which  suppressed  M.  argnaria.  Within  3 yean,  yield  of  plots  infected  with  A 
pgngirans  and  M.  argnaria  increased  to  a level  comparable  to  the  untreated  control 
(Oosiendorpeial.  1991a).  The  objective  of  this  study  was  to  continue  to  monitor  the 
population  densities  of  both  M.  argnaria  race  1 and  P.  pgneirans  in  these  microplois  In 
order  to  determine  their  long-term  effects  on  M.  argnaria  densities. 

Materials  and  Methods 

In  1987. 90  microplots  <7dcm  in  diameter),  located  at  the  University  of  Florida, 
Green  Acres  Agronomy  Farm.  Alachua  County,  were  initially  arranged  in  10  rows  of  nine 
plots  each,  with  a distance  of  l.S  m between  plots,  in  a loamy,  siliceous,  hypothermic 
GrCkSSorenicPaleudulis  with  90%  sand,  4%  silt.  6%  clay,  and  1.8%  organic  matter 
(OoslendotpeiaL,  1991a).  A split-plot  design  was  used  wiih  main  plots  consisting  of 
ihieesoiltieaunenistan  untreated  control,  Af.  arenurin  alone  (RKN),  andAf.  argnaria  plot 
P.  pgngirans  (RKN  * Pp).  Three  summer-winter  cover  crop  rotations  of  peanut-rye, 
peanut-vetch  through  1991.  with  peanut-wheat  thereafter,  and  peanut-bare  fallow  were 
MJbplois.  Wheat  replaced  vetch  because  the  incidence  of  soilbome  diseases  on  peanut 
increased  following  vetch.  Each  combination  of  soii  treatments  and  winter  cover  crops 
was  replicated  10  times.  The  miccoplots  were  initiated  by  placing  800  cm' of  soil 
preparation  containing  uninfected  tomato  roots,  tomato  roots  infected  with  Af  argnaria 
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nice  I , oc  with  M.  artneria  race  I plus  P.  penemms  in  a hale  in  the  center  of  each 
microploi  receiving  the  control,  RKN,orRfOJ  Pp  treainient.  respectively.  Monitoring 
of  the  bacieiium  and  nematode  population  densities  for  this  disseitation  began  b the  spring 
of  1990  andconlinuedihrough  the  fail  of  1993.  Data  from  the  period  19S7  to  l9S9are 
bcluded  herein  to  provide  a complete  data  set  on  the  long*teim  effects  of  P.  penetrans. 

Two  months  before  planting  In  the  spring  of  1991  and  1993.  uninoculaied  control 
plots  were  treated  with  977  kg  inelhyl  bromide/heclare  (93%  methyl  bromide  plus  2% 
chloropicrin),  applied  broadcast  under  a 3-mm  polyethylene  plastic  covering.  On  6 May 
1990,  5 May  1991, 13  May  1992,  and  7 May  1993.  three  pairs  of  peanut  seeds  of  cv. 
Florunner  were  planted  4-cni  deep  in  an  equally  spaced  pattern  in  each  plot.  After 
emergence,  one  ofeach  pair  of  seedlings  was  removed.  A9l3em-high.  wire-mesh  fence 
was  placed  around  each  plot  to  confine  the  growth  of  the  peanut  foliage  inside  the 
microplot.  Plots  were  weeded  manually.  Through  1991,  plots  were  irrigated  by  overhead 
sprinklers,  'niereafler.  a microjei  sprbkler. system  was  Installed,  delivering  an  amount  of 
water  equivalent  to  4 mm  per  day.  Every  10  to  14  days,  insects  and  foliar  disease 
pathogens  were  controlled  with  esfen  valerate,  chloiopyrifos.  insecticidal  soap, 
chlorotbalonil,  or  liquid  sulfur. 

In  mid-November  each  year,  after  harvest  of  peanut,  rye  and  velch  or  wheal  were 
broadco.st  seeded  as  winter  cover  crops,  or  plots  were  bare  fallowed  through  the  winter. 
Vetch,  wheat,  and  peanut  are  hosts  forM.  arenaria  race  I,  but  rye  is  a poor  host  The  soil 
beach  plot  was  turned  using  a spade,  and  leveled  between  crops. 

At  harvest  (136  to  140  days  after  planting),  peanut  plant  shoots  were  evaluated  in 
their  appearance,  and  the  root  systems,  as  well  as  the  pods  and  pegs,  were  rated  for  galling. 
A good  stand  of  plants  wiih  a densely  closed  canopy  was  rated  as  0,  and  a poor  stand  of 
plants  with  sparse  canopy  was  rated  as  5.  Galling  was  rated  according  to  the  following 


scale:  O = nogails.  1 = 1-10.2  = ll-20,3  = 21-55,‘l  = 56-80,and5  = 8l-10(»rof  roots 
or  pods  and  pegs  galled  (Barker  ct  ol.,  1986).  Three  To  frve  days  after  The  plants  were  lifted 
out  of  the  ground,  all  pods  were  removed  und  placed  into  paper  bags,  dried  at  60  'C  until 
the  moisture  content  was  reduced  to  about  10%.  and  weighed  to  determine  yield.  llTe 
number  of  second-stage  juveniles  U2)  of  A/,  nrerrono /100  cm' of  soil  was  estimated  at 
harvest  of  peanut  and  each  of  (lie  winter  cover  crops.  Soil  samples  consisting  of  a 
composite  of  Hve,  2.5-cm-diamclcr  cotes  per  plot  were  taken  from  the  top  20  cm  of  each 
microplol  with  the  use  of  a cone-shaped  auger.  The  soil  was  mixed  and  processed  with  a 
ccntrifugal-rioiaiion  method  (Jenkins.  1964).  The  numbers  of  J2,  the  rale  of  attachment  of 
f.  penetrans,  and  the  number  of  cadospores  allached  per  20  randomly  .selected  12  was 
dclermincd  using  an  inverted  microscope  at  X400  magnificaiion. 

Data  were  subjected  to  analysis  of  variance  (ANOVA).  If  the  atlained  probability 
level  of  the  main  plot  (treatments)  or  the  subplot  (cover  crop)  effects  was  significani  at  fs 
0.05.  the  means  were  scparalcd  by  Duncan's  multiple-range  test.  If  a significant  main  plot 
X subplot  interaction  (Ps  0-05)  was  observed,  main  plot  means  for  each  subplot  and 
subplot  means  for  each  main  plot  were  separated  by  Duncan's  multiple-range  lost,  if  an 
insufficient  number  of  J2  or  no  J2  were  extracted  from  soil  of  RKN  + Pp  plots,  repiicaio. 
without  J2  were  disregarded  for  the  calculation  of  rale  ofaliachraeni  with  P.  peiu-irans  and 
the  number  ofendospores  per  juvenile,  and  dole  were  presented  in  a seperate  cable  . 


After  the  inilial  3-ycor  period  of  the  experiment  tl987to  1989).  the  number  of  J2  in 
the  soil  of  RKN  * Pp  plots  decreased,  and  remained  lower  lhan  those  io  the  RKN  plots  (P 
<0.05)  (Fig.  2-1,  Tables  2- 1 to  2-3).  The  nematode  populalion  density  in  microplots 
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inocuUled  with  P.  penetrtins  was  nearly  undeieciablc  in  soil  samples  from  1991  to  1993. 
The  number  of  P.  penernmi  cndosporcs  adhering  ioJ2  increased  lo  a high  of  1 7.2  by  1989 
and  icmulncd  retalively  constslem  during  Ihc  remaining  h-yeor  period  (Oosicndorp  el  al.. 
1991a;  Fig.  2-1;  Tables  2-1  lo2-3).  Through  this  lime.  10-66%  of  Ihe  J2  were 
encumbered  with  endosporcs.  Hosvever.  when  replicates  williouiJ2  were  excluded  from 
analysis  for  RKN  + Pp  plols.  the  incidence  of  cndosporcs  per  juvenile  and  attachment  to  J2 
were  much  higher  Ihiui  Uiose  for  20  J2  (Table  2-4).  In  the  fall  of  1990.  Ihc  endospore 
density  of  P.  penermns  in  RKN  + Pp  plol.s  hod  amplilicd  to  yield  an  average  of  1 9.5 
endospurcs/juvenilc  (data  not  shown).  Bel  ween  1991  and  1993.  the  endospore  density 
remained  at  a level  at  which  95%  to  1 1)0%  of  the  recoverable  J2  were  encumbered  with 
mean  numbeis  of  3 to  72  endospore.s  (Table  2-4). 

In  Ihe  soil  of  RKN  plots,  the  number  of  J2  remained  high  throughout  the 
esperimem(Oo5lcndorpelal..  1991a;  Fig.  2-1. Tables  2-1  to  2-3).  In  ihe  third  year 
( 1989).  2 of  the  30  replicates  of  the  RKN  plols  were  contaminated  with  the  bacterial 
parasite  (Ooslendorp  el  ai.,  1991a),  and  P. /’ewetran.teadospores  were  found  lo  have 
contaminated  16,  29.  and  all  30  RKN  plols  in  the  falls  of  1991.  1992.  and  1993, 
respectively  (Figs.  2-2  to  2-4,  Tables  2-1  (o2-3).  In  fall  of  1993,  endospore  population 
densities  of  RKN  plol.s  had  increased  to  averaged  91%  attachment  rate  with  34 
endospores/Juvcnile  (Table  2-3). 

Numbers  of  nematodes  and  endospore  attachment  levels  generally  did  not  vary 
with  cover  crops  (P<0.05)  (Fig.  2-5,  Tables  2-1  to  2-31.  However,  in  the  spring  of  1989, 
Ihe  nemalodepopulauondensilics  in  RKN  plou  under  vetch  slightly  exceeded  those  of 
other  plols  iFig.  2-5  A).  Second-siagcjuvcnilc  numbers  in  vetch  and  bare  fallowed  plols 
exceeded  those  in  the  lye  ploLs  in  the  spring  of  1990.  However,  in  the  spring  of  1992  and 
spring  of  1993,  lower  numbers  of  J2  were  recovered  from  plols  under  rye  and  wheal  than 
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lye  and  whcm  lhan  fioraihose  under  hare  fallow  (PgO.OS).  In  the  fall  of  l»l.ioRKN 
pinu  the  estimated  endospore  population  density  in  vetch-wheat  ploLs  was  highest,  and. 
togelhct  with  rye  ploLs,  exceeded  the  cndosporc  counts  of  fallow  plots  in  Ihe  fall  of  199.4  iP 
SO.03)  (Fig.  2-6  A).  From  thcspnng  of  1989  till  the  spring  of  1990.  Ihc  attachment  level 
and  the  number  of  endospores  per  juvenile  in  RKN  + Pp  plots  under  vetch  were  higher 
lhan  under  bare  fallow  (Ps  0.05)  (Fig.  2-6  B).  Thereafter,  the  endospore  counb  in  vetch- 
wheat  were  frequently  lower  than  in  bare  fallow  plots,  in  Ihc  fall  of  1993,  the  vetch-wheai 
plots  yielded  Ihc  highest  estimated  endospore  population  density.  In  the  fall  of  1990  and  of 
1 992.  the  endospore  counts  in  rye  pious  cscceded  those  of  bare  fallow  plots  and  vcich- 
wheat  plots,  respectively. 

According  to  mam  effect  means  in  the  spring  and  the  fall  of  1993,  the  attachment 
rates  of  3 and  25  endtuspores  per  juvenile  across  all  nematode  ireaimetiis  in  wheal  plots 
were  highcr(P<0.05)  lhan  the  levels  observed  in  lye  or  fallowed  plots  (Table  2-3).  The 
highest  number  of  107  J2/I00  cm^  of  soil  in  fallowed  RKN  plots  observed  in  the  spring  of 
1993  was  numerically  greatest,  but  yet  consistem  with  the  main  cnect  of  highesi  juvenile 
levels  mRKN  plots. 

Following  the  initial  increase  :n  peanitl  yield  in  RKN  -i-  Pp  plols  aflcrSyeais.  the 
yields  remained  high  and  noi  different  from  those  in  control  plou  for  Ihe  remaining  4 years 
(P  i 0.05)  (Fig.  2-7,  Tables  2*1  to  2-3).  In  1993.  there  were  no  differences  among  yields 
in  any  ircalmenls,  which  is  ailrihuicd  to  P.  prminm.’  inftsling  RKN  plots  (Fig.  2-6  A, 

Table  2-3).  Melpuhgyne  arenaria  was  low  or  undetectable  in  conlrol  plots  throughout  the 
eapenmenl.  Throughoul  the  last  4 years,  the  galling  indices  for  roots  and  pods  in  RKN 
plols  were  higher  lhan  gall  ratings  of  RKN  -i-  Pp  and  control  plols  (P  < 0.05)  (Tables  2- 1 to 
2-3). 
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Thrcmghounhc  ]asl  3 yeapi  of  ibccxperimeni  (1991  lo  1993).  (he  popiilalion 
doiuiiy  devdopracot  of  CncimenKl/a  spp.  was  favored  in  plou  (hai  were  fallowed  ihrough 
Ihc  winter  (/’^  0.05)  (Appendht).  An  imeraclion  between  treatment  and  cover  crop 
showed  ahiglier  number  of  ring  nematodes  in  fallowed  RKN  plots  than  in  fallowed  RKN 
+ plots.  In  the  fall  of  1991  the  highest  number  of  ring  nematodes  in  the  soil 
coincided  with  the  highest  number  of  endo.spores  of  P.  pfnmrans  attached  per 
juvenile  of  Melaidogvne  iiremiria. 


Discussion 

PopulolionsofP.pnierrfl/i.1.  as  estimated  by  endospore  attachment  to 
juveniles,  increased  over  6.5  years  from  relatively  low  levels  ofendospores  added 
initially  or  introduced  by  contamination  during  the  course  of  the  experiment  to 
levels  after  3 years  that  were  suppressive  to  the  nematode  population.  This 
confirms  the  work  by  Oostendoipet  al.  (1991a)  and  Chen  ct  id.  ( 1997c).  whereby 
P.  penerrnrr.r  endospores  increased  to  levels  that  suppressed  root-knot  nematodes 
when  imtoduced  at  low  numbers  (approximately  1.000  sporesfg  of  soil).  Within 
four  cropping  seasons,  nematode  attachment  rate.s  in  plots  with  endospores  added 
rncreased  to  nearly  lOOTfe,  with  an  average  of  about  30  endospores  per  juvenile,  and 
pcanul  yields  reached  levels  equivalent  lo  those  in  the  nemaiode-fiee  control. 

The  population  density  of  M.  nrenorra  in  RKN  + Pp  plots  remained  nearly 
undcicclable  Ihroughom  the  last  3 years  of  ihis  6.5-ycar  experiment.  It  was  difficuli  to 
aiiain  an  estimate  of  endospores  per  juvenUe  over  the  course  of  the  experiment  hecau.se  the 
number  of  J2  In  many  RKN  + Pp  plots  dropped  below  20.  which  was  the  number  used  for 
estimating  the  endospore  density.  This  was  illusuaicd  in  the  fall  of  1991,  when  a decrease 


in  Ihc  number  of  cmio5pon»  per  juvenile  and  n decrease  in  Ihc  pcrecma|e  ofJ2  with 
attached  endospurea  were  ubiterved  in  rye  and  vetch  plots.  Individual  ubservalions 
revealed  a runher  increase  in  the  endospore  population  den.siiy  under  either  cropping 
sequence.  In  1992  and  1993,  Ihcoltachmcnt  rates  ofjuvenilas  with  P.  peneirum  were 
around  100%,  and  the  numher  ofcndosporcs  pcrjuveaile  frequently  esceeded  25.  At  Ihi.s 
rale,  rool  penetration  has  been  shown  to  be  prevented  (Davies  el  al„  1988;  Stirling,  1984; 
Stirling  el  al-  19901.  Nematode  suppression  fonhree  consecutive  years  did  not  affect  the 
ability  off*,  penrrmns  endospoies  to  atlnch  to  their  nematode  hosts.  However,  the 
experimental  design  did  not  allow  for  the  determination  of  the  number  of  12  that  may  have 
inadvertently  entered  the  microplois  exh  seasoiu  Although  it  has  been  reported  that  the 
suppressivencss  of  mot -knot  nematode  by  P.  pemirans  Is  dependant  on  the  density  of 
endospores  in  the  soil  (Stirling,  1991),  it  appears  in  lire  present  study  Hint  P.pfneiram 
increased  to  a. suppressive  level  after  ,3  years  and  remained  sufTicicntly  high  to  prevent 
funher  increases  in  ihc  RKN  densities.  Pasfeuria  pfiiernws  remained  at  a highly 
suppressive  level  for  3.5  years  following  the  initial  increase  to  suppressive  levels  in  3 
years.  The  nematode  population  density  required  to  maimaln  effective  densities  off*. 
penetrans  to  cuniinue  nematode  suppression  remains  unknown. 

In  1991  and  1992.  the  residual  nematode  population  in  RKN  plots  reduced  peanut 
yields  and  alTccted  the  plant  performance.  However,  in  1993,  plant  shoots  and  yields 
appeared  lo  have  been  affected  by  leaf  chlorosis  and  reduced  fruiting,  apparently  as  a result 
of  Ihe  symptomatic  manganese  deficiency  (Dickson,  personal  communicaliont  Ponerelai.. 
1984),  miller  than  hy  nemalixic  infection.  There  was  only  slight  galling  of  tools,  pods,  and 
pegs  by  tool-knot  nematodes  in  the  RKN  plots  in  1993,  which  indicates  that  nematode 
reproduction  was  becoming  suppressed,  and  that  the  P.  peneimts  population  density  in  the 
soil  was  conlinuing  to  incrciise  to  suppressive  levels. 
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Wilhno  P.  penetrans  [o  mlerfcre,  [he  nematode  populaiion  density  peaked  when 
penmil  was  followed  by  a susccpiihle  crop.  Those  condilions  favored  the  cantajoinafion  by 
and  ihc  baild*up  ofendospores  of  P.  penetrans.  This  observouon  agrees  wiih  [hose  of 
other  scieniisisiClieneial..  1994;  Madulu  ei  al.,  1994:  Oostendorpet  al..  1991a),  In  which 
the  eoncinuoas  availability  of  a host  plant  favoraj  the  amplification  of  the  bacterial  parasite 
in  its  nematode  host.  However,  since  the  nematode  population  density  in  the  presence  of 
P.  penetnms  did  not  differ- among  Ihc  cropping  sequences,  it  is  suggested  that  nematodes 
in  vetch  plots  were  already  partially  suppressed  In  years  2 and  3 of  the  espenment. 

Because  of  the  density  dependent  nature  of  f',  penermni  (Bird  and  Brisbane,  1988;  Chen  el 
al„  1 996b;  Dickson  Cl  al..  1994;  Minton  and  Sayre,  1989;  Stirling,  1984),  the  endospore 
population  development  is  expected  lobe  influenced  by  die  population  density  of  its 
nematode  host  (SIrling,  1991). 

The  winter  cover  crop  had  a consistent  effect  on  the  population  density  of 
Ciiconemclla  spp.  Fallowing  the  peanut  microplots  increased  the  number  of  ring 
nematodes  more  than  growing  rye  and  wimi  or  vetch  for  winter  cover.  Cnconewol/o  sp. 
was  reported  ns  a host  for  ftMtenrio  spp.  (Siurhan.  1985;  1988).  However  endosporesof 
isolates  otParieuriu  spp.  from  Criconemelln  spp.were  smaller  and  are  believed  in  be  a 
difl'creni  species  (Hewlett,  personal  communication);  hence,  they  do  not  likely  eonlribuie  to 
the  suppression  of  M.  arenarm  in  die  peanut  microplols. 

For  a period  of  3 years  (1991  to  1993),  F, /wuerroat  protected  peanut  from  root- 
knot  damage.  The  presence  of  a large  population  of  W.  arenaria  in  the  RKN  plots  favored 
a continuous  endospore  population  increase  until  the  nematode  population  was 
dciritncntally  alfccied  after  a period  of  4 years  (1990  to  1993),  which  nxsalied  from 
inadvertent  eontaminaiionby  P.  penetrfMw  endospores. 


Tilt:  buiJtl'Up  of  the  cndosporc  deiuily  in  the  toil  can  be  enhanced  by 
supplying  the  nematode  population  with  a good  host  plant  througbout  the  year. 
Thus,  although  there  Is  still  no  large-scale  production  of  P. /lene/mni  inoculum  in 
sight,  the  use  oflhls  ncinaiudc  antagonist  In  inieg rated  nematode  management 
programs  might  be  feasible.  There  is  a need  for  funheresperimems  to  determine 
whether  the  nematode  suppn^sion  can  be  achieved  in  a .shorter  time  span,  and 
whether  it  can  be  maintained  beyond  a period  of  3 yean,. 


CHAPTER  3 

USE  OF  MICROWAVE  HEATING  IN  EVALUATION  OF  A MELOIDOGYNE 
AREWARM-SUPPRESSIVE  SOE.  CONTAINING  PASTEURIA  PENETRANS  AND 
ITS  APPLICATION  IN  A SUPPRESSIVE-SOE.  TEST 


persists  in  the  soil  (Baker  ami  Cook,  1982).  Suppressiveness  can  develop  as  a result  of  the 
buildup  of  aniagonisis  in  response  to  a high  pathogen  popuiation  (Baker  and  Cook,  1982), 
especially  in  situations  where  susceptible  crops  are  grown  in  succession. 

The  endospore-forming,  obiigale  bocierial  parasite  offoot-knot  nematodes, 
P«renrifl)wnerronj(Thome)Sayce&StaiT,  is  widely  distributed  in  agricultural  soils 
throughout  the  world  (Ch^ter  I)  and  has  been  shown  to  be  effective  in  camtolling  root- 
knot  nematodes,  Mf/oidog>ne  spp„  in  field  or  microplot  studies  (Brown  and  Smart  1985; 
Chenelal„1994;l996b;  1997c;  Dickson  et  ol..  1994;  Minion  and  Sayre.  1 989;  Oostendoip 
el  al„  1991a),  In  most  cases,  the  suppression  o!  Meloidagynt  spp.  by  P.  peneinns 
occuired  after  iong-ieim  monoculture  of  a susceptible  host  (Bird  and  Brisbane.  1988;  Chen 
ei  al„  1994;  Mankau,  1980n;  Minion  and  Sayre,  1989;  Weibclaahl-Fulionet  al..  1996), 
Many  physical  and  chemical  means  have  been  developed  to  eliminate  or  reduce 
populations  of  soilbome  plant  pathogens  for 
Nematode  suppressiveness  of  soil  has  been  e 


phylopathologicaJ  studies  (Mulder.  1979). 
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of  fungicides,  such  as  caplafol  (Crump,  I9S7).  mancozeb  and  Iprodione  (Merteiu  and 
Slitling,  1993),  benorayl  or  tachi|aien«3adri  and  Saleh,  1990),  and  40* /oimaldchyde 
(Dickson  ctal,,  1994;  Kerry  et  al.,  1982;  Qadri  and  Saleh,  1990).  Suppression  of  fungal 
popuialioDS  by  fungicides  is  noi  consisienl,  thus  ihe  interpielaliOTi  of  results  can  be 
problematic.  Microwave  heating  of  soli  for  selective  periods  of  time  can  be  useful  to  kill  or 
reduce  populations  ofsoilbome  fungal  propagules,  yet  have  little  effecl  on  populations  of 
prokaryotic  organisms  (Chen  etal.,  1995;  Ferriss.  1984).  Theeffectoflhe  microwave 
radiation  treainmit  on  microorganisms  increases  with  increasing  temperature.  The 
leraperanire  increase  depends  on  trealmcni  lime,  and  on  factors  such  as  soil  water,  clay, 
andorgonicmauerconienl  (Baker  and  Fuller.  1969:  Ferriss.  1984). 

The  objectives  of  this  study  were  to  determine  if  Ihe  microwave  radiation  itealment 
has  the  potential  to  selectively  eliminate  fungai  antagonists  from  soils  containing^. 
peneirons.  and  to  evaluate  the  use  of  Ihe  microwave  treatment  in  testing  three  microplDl 
soils  for  suppressiveness  to  M.  annaria. 


Microwave  Trealmeni 

TregiUfflll  lifPC  On  12  January  1993,  opproximalely  12  iilers  of  soil,  a loamy, 
siliceous,  hypoihennic  Grossarenic  Paleudulls  with  90*  sand,  4*  silt,  6*  clay,  1.8* 
organic  matter,  6.9%  moisture,  and  a density  of  2.78,  were  collected  0-20  cm  deep  with  a 
bucket  auger  (IO^:m  diameter)  from  microplois  infested  with  P.  pe/ierra/u  and 
Meloidogyne  arenaria  race  i located  al  the  University  of  Florida.  Green  Acres  Agronomy 
Farm.  Alachua  County.  Soil  was  selectively  collecled  from  microplois  that  were  bare 
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fallowed  diuing  the  winuc.  The  soil  was  passed  through  a 5-nim-apenure  sieve,  and 
mined  thoroughly.  Six  subsamples  of  I kg  each  were  placed  in  open  polypropylene  bags, 
leveled  to  a thickness  of  approximately  5 cm.  and  placed  cemraily  in  the  IS-liter  cavity  of  a 
microw8veoven(1.500  Wans,  2.450  MHi)(Tappan  Appliance,  Mansfield,  OH).  The 
subsamples  were  either  microwave  treated  for  3, 4, 5. 6,  and  S minutes,  or  left  untreated. 
The  bags  remained  open  through  the  heat  treatment,  and  were  closed  before  removal  from 
the  oven.  The  soil  was  allowed  to  cool  to  room  temperature. 

Two  hours  laler,  a dilution  plabng  technique  was  used  to  assay  for  selected  fuogi 
(Johnson  and  Curl.  1972).  One  gram  of  soli  was  dispersed  in  200  ml  of  sterilized  waler 
and  stirred  constantly.  One  milliliter  of  the  soil  solution  was  plated  on  potato  dextrose  agar 
containing  50  mg  of  chloneirocycline  hydrochloride,  100  mg  of  streptomycin  sulfate,  and  I 
mlofTergitoINPIOper  I liter  solution  (supplements  were  added  to  agar  at  a temperature 
of  s 50 'O  (Sreiner  and  Watson,  1965).  Five  replicates  were  plated  for  each  treatment. 
Afier  3 days  of  Incubation  at  room  temperature,  the  fungal  colonies  were  counted. 

A soil  bioassay  with  Ueloidogyne  aremriit  race  1 as  the  host  nematode  was  used 
to  determine  the  presence  of  f’.penerransCOostendorpetal.,  1991a).  Forty  grams  of  dry 
soil  from  each  treatment  wete  placed  in  each  offive,  Kkcm^liameterpctri  dishe,s.  Then, 
300  second-slage  juveniles  (12)  were  added  in  1 ml  of  water  to  each  dish.  After  2 days  of 
incubation  at  room  temperature,  the  J2i«rc  extracted  by  a centrifugal-flotation  method 
(Jenkins,  1964),  and  the  number  of  endospores  per  20  randomly  selected  J2  per  leplicale 
was  determined  wiih  the  aid  of  an  inverted  microscope  at  X400  magnification. 


12  January  1993  were  placed  into  plastic  bags,  and  the  soil  moisture  conlem  was  adjusted 
to  1*. 3%, 5*.  or  7%(weight  of  water  per  dry  soil  weight)  by  adding  tap  water.  After2 

hours,  the  soil  was  mixed  thoroughly,  divided  into  three  subsamples,  placed  into  open 


3. 1.5-kg  lotsofthedricdsoil  collected  on 
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polypropylene  bags,  and  was  either  heated  in  the  microwave  oven  for  3 or  4 minutes  per 
kilogram  of  soil  or  left  uniisaied.  The  numbers  of  fungal  colonies  per  gram  of  soil  and 
endospores  per  juvenile  wem  determined  as  described  above. 

SuDbrcssive-Soil  Test 

Soil  ireaiments.  On  23  April  1953  and  7 May  1993,  a total  of  I2Q  liters  of  soil  was 
collected  fiom  the  same  microplois  os  stated  above.  For  the  repeat  test,  soil  was  collected 
on  23  April  and  5 June.  For  each  experiment,  a subtotal  of  40  liters  of  soil  was  collected 
from  microplois  with  M.  arenaria  inoculum  alone  (RKN).  M.  arenaria  plus  P.  penetrans 
inoculum  (RKN  + Pp),  and  a control  treaunenr  without  nematodes  or  bacteria  (control)  (for 
more  information  on  the  soil  sources  see  Chapter  2).  The  soils  were  passed  through  a 5- 
mm-apenure  sieve,  mixed,  and  divided  into  four  subsamples  of  10  liters  each.  The 
subsamples  were  either  autoclaved,  microwaved,  air  dried,  or  left  untreated. 

For  the  autoclave  treatment,  sterilized  I5<m>riiameterclay  pots  were  filled  with 
soilfca.  I liter/pot).  covered  with  aluminum  foil,  and  placed  in  an  autoclave.  A^er  the  fitsi 
heat  treatment  for  1 5 hours  at  55  kPa  (Ferriss,  19S4),  the  pots  were  removed  from  the 
aulodave.  The  ireatmem  was  repealed  after  pots  and  soil  had  cooled  to  room  temperature 
(Mulder,  1979). 

For  the  microwave  healing  iroaunenl,  I -kg  lots  of  sent  were  placed  in  even  layers  in 
open  polypropylene  bags  and  heated  in  a microwave  oven  for  3 minuiM  (Ferriss.  1 984)  at 
full  power,  which  caused  the  soil  rempcratuie  to  rise  to  about  75  'C. 

For  the  air-dryrng  treatment,  40  liters  of  stril  were  collected  from  the  microplots  on 
7 May  and  5 June  1993.  The  soil  was  placed  in  3- to  5-cm-lhick  layers  on  plastic  trays  and 


stored  in  Ihe  greenhouse  for  2 or  6 weeks  before  testing.  The  unlreeled  soil  was  stored  at 
rooin  temperature,  and  used  within  24  hours  after  collectioit 


treaimem,  and  2 weeks  after  the  beginning  of  the  air-dried  treatment,  the  number  of  fungal 
colonies  per  gram  of  soil  and  endospores  per  juvenile  was  determined  simultaneously  for 
all  four  soil  treatments.  Procedures  were  opplicd  as  described  above. 

design  that  included  the  following  three  soil  sources;  soil  from  microplols  with  Af. 
orenorlo  inoculum  alone  (RKNl.Af.  orenario  plus  P.  penetrans  inoculum  (RKN  s-Pp), 
and  a control  treatment  without  nematodes  or  bacteria  (control);  four  soil  treatments 
(autoclaved,  microwaved,  air-dried,  and  umreaicd);  and  inoculum  levels  of  0 and  2,000  J2 
ofAf.  arenor/o  race  I.  The  soil  from  each  treatment  was  placed  into  siciilized  15-cni- 
diameter  clay  pots  (ca.  I liter/pot).  Treaimenis  wore  replicarcd  four  and  five  limes  in 
experiments  1 and  2,  respectively.  About  100  ml  and  50  ml  of  walerwere  added  to  the  air- 
dried  soil  and  ro  all  other  soil  treatments,  respectively.  Each  pot  was  covered  with 
aluminum  foil  and  held  for  3 days  in  a growth  room  at  28  to  32  ‘Cand  14  hours  of  light, 
orinagteenhouseforexperimems  I and  2,  respectively.  Mcloidogyne  amaria  II  vkk 
suspended  in  10  ml  of  water  and  dispensed  equally  to  each  of  five  holes,  5-cm  deep,  in  the 
soil  of  each  pot.  Five  days  later,  one  7-week-old  peanut  seedling,  Anchis  hypogaeu  L.  cv. 
Roruiiner,  for  experiment  1,  or  one  5-week-old  peanut  seedling  of  the  same  cullivar  for 
expenment2  was  transplanted  into  each  poL  A commercial  fl/itroiiiun  sp.  was  added  to 
each  pot  (McSorleyei  aj.,  1992).  Every  10  to  14  days,  insects  and  diseases  were 
controlled  using  esfenvalerate.chlotopytifos,  insecticidal  soap,  chlorothalonil,  or  liquid 


EKperimenis  1 and  2 were  njn  for  53  and  55  days,  respeclively.  Plant  shoots  were 


cut  off  at  ground  level  and  discarded.  The  root  systems  were  washed  free  of  soil,  excess 
water  was  removed  with  paper  towels,  and  roots  were  weighed  and  then  stored  in  plastic 
bags  at  4 'C.  The  following  day,  roots  were  stained  with  Phloxine  B (Dickson  and  Stnibel, 
1965),  and  the  numbers  ofretoi  galls  and  egg  masses  were  counted.  Eggs  were  extracted 
with  1.05%  sodium  hypochlorite  (Hussey,  1971}  and  their  number  was  counted.  Twenty 
globular  mature  females  were  picked  randomly  from  each  root  system,  crushed  on  a slide 
and  observed  for  infection  by  P.  penerrons  with  the  aid  of  a compound  microscope  at 
XIOOO  magnification. 


Nematode  Origin 

The  isolate  of  M.  arenaria  race  1 used  originated  from  peanut  grown  on  the 
University  of  Florida,  Green  Acres  Agronomy  Research  Farm,  Alachua  County.  The 
species  and  race  determinations  were  confirmed  by  exanunalion  of  the  perineal  pallem, 
length  orJ2,  and  a differential  host  rest  (Hartman  and  Sasser,  19S5).  The  nematode 
population  was  cultured  in  a greenhouse  on  lomalo  (iycoperstcon  ejeu/eonra  Mill.  cv. 
Rutgers)  from  a single  egg  mass.  Eggs  of  M.  armaria  were  extracted  from  Infected 
tomato  roots  (Hussey  and  Barker,  1973).  hatched  by  the  Baermunn  method  (RodrfgueS' 
Kibana  and  Pope,  1981)  and  u.sed  as  I - to  4-day-old  J2. 


Statistical  Analysis 

The  number  of  endosporcs  per  juvenile  was  transformed  with  logn,{x  -f  I ) before 
analysis.  The  percentages  of  female  infection  were  transformed  to  arcsin  (Vx)  before 
analysis.  All  data  were  subjected  lo  factorial  analysisof  variance  (ANOV  A).  Means  were 
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separalcd  and  compared  b>  Duncan's  mulliple-mnge  lesl.  Regressions  were  perfonned  to 
determine  the  relationship  between  (be  microwave  treatment  time  and  the  survival  of  P. 
penetrans  and  fungal  populations. 


Microwave  Treatment 

Treatment  time.  Population  densities  of  P.  penetrans  endospores  and  fungi 
decreosed  with  the  increa.sing  ireatmcni  iime(>'=  l.93j“- 30.3  li+ 1 15.67)  (Fig.  3-1). 
Following  treatment  for  3 minutes,  the  attachment  of  endospores  was  reduced  by  almost 
50%  (average  of  59  endospores/juvenile).  When  the  treatment  time  was  eaiended  to  4 
minutes/lcg  of  soil  and  5 minutes/kg  of  soil,  the  attachment  was  reduced  to  20  endospores 
per  juvenile  and  nearly  eliminated,  respectively.  The  number  of  fungal  colonies  was 
greatly  reduced  by  all  treatment  tUnes.  as  compared  to  the  untreated  soil  (F  = I.Mr  • 
12.21a + 33.69).  Fusarium  sp..  Paecilomyces  lilacinus.  Penidlliumsp.,  Pyihium  sp.. 
Trichoderma  sp..  and  a variety  of  unidentified  fungi  were  isolated. 


slightly  with  increasing  soil  moisture  content  (F  = -1 875i^  + 274i  + 10.28)  (Fig.  3-2). 
Numbers  of  endospores  attached  per  juvenile  decreased  in  soils  of  all  tested  moisture  levels 
treated  for  3 and  4 minutes  in  the  trucrowave  (P  < 0.05 ) (Fig.  3-3).  A further  decrease  in 


rnoisture.  These  observations  validate  the  numbere  observed  in  the  treatment-time  study 
reported  above  (Fig.  3-2).  However,  the  endospore  counts  of  this  study  were  much  lower 


3.5,  and  7% 


Treatment  lime  in 


Fig.  3-1.  Effect  of  microwave  nuliacion  treatment  of  I jcg  of  soil  containing 
Pasieuria  peneirans  on  A)  the  attachment  of  P.  penetrans  endospores  to  Mehidogyne 
artnana  race  1 and  B)  the  survivaJ  of  soilbom  fongi  as  deteimined  by  the  number  of 
colony-forming  tiniu.  Values  are  means  of  five  replications;  20  randomly  selected  second- 
stage  juveniles  were  observed. 
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Soil  moisture  content  (weight  woter/dry  soil  weight) 


Fig.  3<2.  Reletionship  between  the  soil  moisture  content  and  the  number  of 
endospoies  ofPasttfiiria  penetrans  attached  per  second<stage  juvenile  (J2)  of  Melaidagyne 
arenaria  race  1 after  48  hours  exposure  at  room  temperature.  Values  ate  means  of  two 
replications;  20  randomly  selected  J2  were  observed. 


Fi|.  3-3.  Effect  of  soil  tnoisnire  content  and  microwave  treatment  time  on  the 
attachment  of  Pasieuria  penetrans  endospoies  to  Meloidogyne  arenaria  Tvst  1 . Values  ore 
means  of  Iwo  repUcations;  20  randomly  selected  second-slogc  juveniles  were  observed. 
Means  wiihbeach  moisture  treatment  followed  by  the  same  letter  do  not  differ  at  F < 0.05 
according  to  Duncan's  multiple -range  test. 


ihan  these  of  the  treaimenl-iiine  study. 


Fun|aJ  populations  were  delected  at  all  moisture  levels  of  the  unueaied  soil  only. 
Populadon  densities  iacreased  with  increasing  moisture  content  of  the  soil  (>'=2U:+  I; 
R’ = 0.99)  (data  not  shown)  and  were  1.2  x 10*,  1.7  x 10*.  2 » 10*.  and  2.5  x I0‘ colony 
foming  units  (cfii)/g  of  soil  comnining  1%.  3%.  5%,  and  7%  moisture,  respectively. 

Sitooressive-Soil  Test 

Laboratory  experiment.  Survival  of  fungi  and  P.  penetrans  in  the  microploi  soil 
varied  with  soil  sources  and  soil  treatments  {P  & 0.05)  (Table  3-1 ).  Regardless  of  stnl 
source,  populations  of  fungi  were  lower  in  autoclaved  or  microwaved  soil  than  in  air  dried 
and  untreated  soil  (/’^O.OS).  The  fungal  populations  in  soil  fromRICN  plots  generally 
exceeded  those  in  soil  from  RKN  + Pp  plots  and  coniiol  soils  in  untreated  or  in  air  dried 
soils.  No/'.pfMirflnsendospores  wercdetcctcdinconlrolsoilor  inany  autoclaved  soils. 
The  number  of  endospores  attached  per  juvenile  did  not  di^er  among  the  microwaved,  air- 
dried.  and  untreated  soils. 

Greenhouse  exoerimems.  The  effects  of  the  soil  sources,  treatments,  and 
inoculation  levels  were  similar  in  both  experiments  for  all  data,  except  the  number  of  eggs 
as  affected  by  the  soil  ireaimenis  and  the  female  Infecllon  rate  (Table  3-2).  In  experiment 
2,  the  number  of  eggs  did  not  vary  with  soil  irealmcms,  and  the  single  interaction  affecting 
the  female  infection  tale  was  the  soil  source  X soil  treatment  interaction. 

Reproduction  ofW.  arenariaon  peanut,  as  expressed  by  the  number  of  root  galls, 
egg  masses,  and  eggs,  was  consistently  higher  in  autoclaved  soil  than  in  microwaved,  air- 
dried,  and  untreated  soil  infested  with  M.  arenaria  alone  (Table  3-3)  orAf.  arenaria  plus 


P.  penetrans  (Table  3-4)  after  inoculation  with  2,000  J2  of  A/. , 


ria.  In  soil  infested 
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Table  3-2.  ANOVA  ubk  for  the  effect  of  soU  source  (microplols  Infected  with 
Meloidogyne  aieruiria  race  1 alone,  with  M.  arenaria  race  I plus  Pasteuria  penetroTis.  and 
without  either  organisTD),  soil  treatments  (autoclaved,  microwaved,  oir-diied,  and  untreated), 
and  M.  arenaria  race  I inoculum  levels  (D  or  2.000  second-sla|e  juveniles)  on  nematode 
reproduction  and  fresh  root  weights  of  peanut  cv.  Floninner. 


Soil  source  (5) 

Soil  treatment  (T) 
Inxulation  level  (I) 
SxT 
Sal 


Soil  treatment  fT) 
Inoculation  level  (I) 
SaT 


tjj'  3 13  3 3 3 3 3 J 
ilir  3 3 3 3 3 3 3 3 ! 


wilhM.  aremria  alone  of  experiment  I,  fewer  nematodes  reproduced  in  air  dried  than  In 
microwaved,  and  uncreated  soil  (f  < 0.05)  (Table  3-3>.  This  observation  was  not  vaiidaled 
by  experiment  2.  Nematode  reproduction  in  all  three  autoclaved  soils  did  not  differ  from 
nematode  reproduction  in  microwaved  and  air-dried  soil  collected  from  microplols  without 
nematodes  P,  peneirans,  except  in  the  uninocuJaled  microwave  treatment  of  experiment  2 
(f  s 0.001,  statistics  not  shown)  (Tables  3-3  to  3-5),  When  no  nematode  inoculnm  was 
added,  a very  low  level  of  nematode  reproduction  was  observed  only  in  untreared  soil  from 
plots  infested  wiihiVf.  nrenorru  alone  (Ps  0.001)  (Table  3-3),  and  in  microwaved  soil 
from  ininoculaled  plots  of  experiment  2 (Table  3-5). 

No  females  were  infected  with  P.  peneiram  in  all  autoclaved  soils,  and  in  soil 
riealments  of  nematode  and  Pasuuria-fne  soil  (Tables  3-3  (o  3-5).  When  soil  was 
infested  with  nemalodes,  100%  of  the  females  were  infecled  m microwaved,  air-dried,  and 
unueuted  RKN  -t-  Pp  soils  of  experimenl  I,  and  77%  were  infecled  in  microwaved  soil  in 
Bxperimenl  2 (Table  3-4).  A lower  incideoce  of  female  infection  occurred  in  the  soil  ftom 
nticroplots  that  had  become  infested  with  P.  ptnfimns.  Ten  lo  thirty  pcrccni  of  females  in 
microwaved,  rur-dried,  oruntrenled  RKN  soil  were  infected  with  P.  peneinms  when 
nematodes  were  added  (Table  3-3).  When  no  nematode  inoculum  was  added,  infection 
rales  of  females  In  untreated  RKN  soil  were  59  and  77%.  However,  females  in 
unboculared  microwaved  soil  of  nemalode-  and  P.  pentirans-fne  mjcropIoLs  were  not 
infected  by  P.  peneirims. 

The  effects  of  soil  trentmenton  the  fresh  root  weight  were  inconsistent  (Tables  3-3 
to  3-5).  Peanut  plants  cultuied  In  autoclaved  or  microwaved  soil  w-ere  not  different  or 
tended  to  developed  larger  root  systems  than  those  grown  in  air  dried  and  unlrcaied  soils 
(P  S 0.05).  Inoculation  level  had  no  effect  on  the  fresh  root  weight  (P  s 0.05)  (Table  3-2). 


3 ” a 5 6 - i S 1 

. . 4 , 


0 o j I s : i ^ 

z ^ z s - i = ° 

:iiiijiiii 

• ; • = ; ; ; s 

s I a = i i i i 

: s ; z tits 

1 I a i i i i i 


if  5 

ii! 


I Hi!  iiii'i 


ii  1 1 


When  no  nematodes  were  added,  no  nematode  reprodueUon  was  noted  in  all  but 
the  untreated  soils  of  RKN  and  RKN  ^ Pp  soil  and  in  microwaved  control  soil  (Tables  3-3 
to  3-S,  staiislics  not  shown).  Nematode  reproduction  generally  did  not  differ  between 
inoculated  and  uninoculaied  treatments  in  microwaved,  air  dried,  and  untreated  soils  of 
RKN  and  RKN + Pp  plots  (eacept  in  the  microwaved  and  untreated  soil  of  RKN  plots), 
but  was  higher  in  oil  inoculated,  control  soils  and  following  the  autoclave  treatment  {P^ 
0,05), 


An  inciease  in  treatment  time  or  in  soil  moisture  content  resulted  in  an  increasing 
effect  of  microwaving  soil  on  soil  microorganisms.  The  response  of  soil  fungi  to  an 
incmase  in  soil  moisture  content  does  not  agree  with  Fetriss's  (1984)  observations  on 
mictoorganisms.  He  repotted  that  soil  temperature  and  the  effect  on  leduction  of 
populations  of  microorganisms  correlated  positively  with  MW  treatment  lime  and 
negatively  with  soil  moisture  content.  Moi.sture  levels  approaching  field  capacity  were 
required  to  kill  spores  of  root-palhogenic  fungi  by  microwave  heat  treaiinenl  (Balter  and 
Fuller,  1969).  The  percentages  of  soU  moisture  of  loamy  soils  used  in  Ferriss'  (1984) 
studies  exceeded  by  far  the  soil  moisture  contents  of  soils  used  in  Ihrs  study.  Loamy  soils 
would  probably  require  an  extended  period  of  microwave  trearmenl  to  approach  an  effect 
similar  to  Uial  attained  on  sandy  soils.  The  different  results  also  may  be  explained  by  the 
fact  that  sandier  soils  cool  faster  than  loamy  soils  after  microwaving  (Ferriss,  1 934);  bence, 
fungal  propagulcs  may  have  been  affected  by  the  duration  of  the  elevated  temperatures 
rather  than  by  the  temperature  peak. 


Endospores  of  P.  peneirans  are  tepoiledly  resistant  to  high  lemperaiuies  (Stirling 
el  a].,  19S6;  Williams  etaJ.,  1989);  however,  when  endospores  were  esposed  to  80  *C  for 
30  minutes  their  development  was  impeded  (Dtilky  and  Sayre,  1978).  More  recent  studies 
showed  that  attachment  was  close  to  minimum  at  60  *C  or  higher,  but  it  was  not 
completely  prevented  at  100  °C  for  5 hours  per  day  over  10  days  (Freitas,  1997).  hthis 
study,  a microwave  treatment  lime  of  3 minutes  for  a I'lcg  sample  of  soil  containing  nearly 
7%  moisture  healed  the  soil  lo  70  lo  75  "C  for  less  than  I minute.  Following  the 
microwave  treaoneni,  the  number  of  endospores  ailached  per  juvenile  was  reduced  lo  a 
variable  degree,  bul  was  not  lower  than  four  endospores  per  juvenile.  This  effect  was 
tolerable  because  the  germination  of  a single  spore  is  enough  to  create  infcctioa  in  the 
female  jWWotdngyne  (Stirling.  1984);  and  hence,  sufficient  lobe  ased  to  confirm  nematode 
suppression  by  P.  pmenans.  One  hundred  peicenl  infection  of  females  occurred  after  ihe 
microwave  soil  treatment,  indicating  that  P.  peneirtms  was  able  to  survive  ihc  microwave 
treatment  and  suppress  the  nematode  population  in  the  pot  experiments. 

Although  methods  lo  quantity  facultative  and  obligate  ncmatophagous  fungi  in  soil 
have  been  developed,  they  do  not  always  give  satisfactory  results  (Dackman  et  ai.,  1987). 
Propagulcs  of  saprophytic  and  ncmatophagous  fiingi  are  of  similar  structure  (Barron, 

1992);  therefore,  they  am  likely  lo  withstand  similar  amounts  of  microwave  radiation.  If 
the  results  of  Ihe  dilution  plating  technique  were  extrapolated  lo  the  survival  of 
nemaiophagous  fiingi,  microwaving  soil  for  3 minutes  per  kg  of  soil  had  the  potential  to 
selectively  eliminate  this  group  of  microorganisms.  This  allows  for  the  separation  of  the 
antagonistic  cfTects  of  fungi  and  the  bacterial  parasite.  Microwaving  soil  3 minutes  for 
each  kilogram  of  soil  was  chosen  lo  be  the  most  appropriate  microwave  treatment  to  be 
used  in  the  suppressive  soil  lest.  The  treatment  does  not  leave  a ncmaticidal  residual  effect. 


OS  observed  with  soil  applications  of  40%  formaldebyde  (Dickson  el  aJ.,  1994;  Kerry  el  ai.. 
1982)  and  benomyl  (Hoeslra,  i976)  uealmenl. 

The  numerical  difference  in  aoachmem  of  endospores  to  J2  berween  die  rwo 
microwave  studies  on  water  content  and  treatment  tinse  may  be  due  to  the  fuel  chai  the  dried 
soil  containing  F.  penelnans  was  stored  for  8 weeks  between  the  studies,  thus  affecting  the 
ability  of  endospores  lo  attach  to  nematodes.  A minimum  of  2 days  moisture  incubation 
(Brown  and  Nordmeyer,  1985)  before  the  application  of  soil  mralmenis  andnematotk: 
inoculum  may  have  enabled  more  endospores  to  attach. 

Ailachmeni  by  P.  peneimns  was  delected  on  12  exposed  to  soil  from  RKN  and 
RKN  » Pp  mictoplois.  Nematode  reproduction  was  consislently  inhibited  in  the  pie.sence 
of  viable  P.  peneimns  endospores  in  these  soils.  Endospores  in  both  soils  existed  in 
densities  at  which  plant  infcctivity  by  the  J2  was  reduced,  which  protected  the  root  systems 
from  betag  severely  galled.  Srmilar  results  were  found  when  J2  were  encumbered  with  15 
or  more  endospores  of  P.  penetrans  and  used  to  inoculate  tomato  (Brown  and  Smart, 

1985;  Davies  eial.,  1988;  1990;  Sell  and  Hansen.  1987;  Slirling,  1984).  The  infection  of 
M.  orenario  by  P.  penetrans  resulted  in  low  fecundity.  This  supports  earlier  observalions 
that  infection  by  P.  penetrans  causes  sterilily  or  reduced  fecundity  in  females  (Mankau, 
1980a;  Minion  and  Sayre.  1989);  however,  the  numberof  isolated  females  was  high 
enough  to  statistically  conllrm  100%  infection  by  f.  penetrans  only  from  soils  infested 
with  Af.  prenana  and  P.  penetrans  used  b experiment  I.  Additional  tests  with  soils 
containing  a more  diluted  P.  peneimns  population  density  may  be  needed  to  confirm  the 
nematode  suppression  by  P.  penetrans.  Temperature  has  been  reported  to  affect  nematode 

mobility  (Bird  and  Wallace.  1965),  attachment  of  endospores  to  J2  (Freitas  etal.,  1997; 

Hatz  and  Dickson.  1992;  Stirling.  1981).  and  ihc  development  of  F.  penelrans  in  vivo 
(Hai2  and  Dickson,  1992;  Nakasonoet  al,  1993;  Sorracin  ct  al.,  1997).  The  constant 


lemperanjKS  of  the  growth  room  used  for  experiment  1 probably  favored  the  development 
of/*,  penetrans. 

Although  in  this  study  the  effect  of  fungi  and  A penetrans  could  not  be  evaluated 
separately,  an  additive  nematode  suppression  would  be  expected  to  cause  difleiences  m 
nematode  reproduction  between  the  tieatmenls  of  microwaving  or  air  drying  of  RKN  and 
RXN  + Pp  soils.  The  lowest  numbers  of  root  galls,  egg  masses,  and  eggs  were  observed 
following  ait-diying  of  RKN  soil  inexperimenl  I and  of  RKN  + Pp  soil  in  experiment  2- 
However,  since  these  effecu  could  not  be  observed  when  replicated,  fungi  appeared  to  play 
only  a minor  role  in  nematode  suppression.  These  results  supported  the  hypothesis  that  P. 
penetrans  \i  die  main  conlfibutot  to  the  suppiessiveness  in  soils  from  both  the  RKN  and 
RKN  + Pp  fnicroplois. 

In  die  suppressive  soil  test,  die  microwave  lieatmem  was  helpful  because  it  reduced 
fungi  diaimighi  also  be  a fxiorin  suppressive  soils.  However,  the  endospoie  density  in 
RKN  + Pp  soil  was  so  high  dint  it  greatly  suppressed  the  plant  infeclivity  by  endospore- 
encumbered  J2,  and  the  fenude  infection  rate  could  not  be  determined.  It  cannot  be  mied 
out  that  the  nematode  suppression  was  due  to  other  factors  than  paia.iitlsm  by  P. 
penernim;  however,  compared  to  the  control  soil,  there  were  only  minor  differences 
between  the  test  results  of  the  RKN  and  the  RKN  ♦ Pp  soil  comprising  nematode 
suppression  observed  in  Chapter  2.  Hence,  it  can  be  concluded  that  the  supprcMi  veness  of 
the  soils  is  of  similar  nolure. 

Al  the  lime  the  soil  for  this  lest  was  collected  front  die  microplots,  nematodes  of 
RKN  + Pp  plots  had  been  suppressed  for  3 years.  This  study  demonstrated  that 
endospores  of  P.  penetrans  survived  3 yeais  in  die  absence  of  a host  and  successfully 
suppressed  a reinoculated  nematode  population.  Although  it  is  noi  known  exactly, 
dormant  endospores  are  probably  able  lo  survive  for  many  more  years.  Pasteurta  spp. 


differ  from  succes.^fiil  natural  enemies  of  insects,  which  usually  requite  a constant  food 
supply  to  maintain  their  population  density  (Betuietl.  1974).  The  absence  of  a host 
nematode  appears  to  have  little  impact  on  the  survival  of/’,  penetnuu,  which  may  be  a 
leadini  attribute  for  the  organism  in  suppression  of  nematodes  under  various  conditions. 


CHAPTER  4 

POPULATION  DEVELOPMENT  OF  MELOIDOCYNE  SPP.  AND  PASTEURIA 
PENETRANS  AS  AFFECTED  BY  CULTURAL  PRACTICES  IN  TOBACCO 


Tbcendospore-formingbaclerialpanisile,  Poiwurio (Thome)  Sayre  & 
Shut.  U widely  diicribuied  in  agricultural  soils  throughout  the  world  (Sayre  and  Starr. 

1988:  Stirlbg,  1991)  and  contributes  to  naniral  and  induced  nematode  control,  especially  of 
Weloit/ogyne  spp.  (Bird  and  Brisbane,  1988;  Brown  et  al„  1985;  Channel  and  Gowen, 
1988;  Chen  etal,  1994;  1996b;  1997c;  Dickson  el  al.,  1994:  Keny,  1990;  Mankau,  1980a; 
1980b;  Minion  and  Sayre,  1989;  Oostendoipel  al„  1991a;  WeibelzahJ-Fulton  el  al„  1996), 
In  most  observations,  the  suppression  of  Meloidogyne  ipp.  by  P,  penetronr  occurred  after 
long-terra  raonoculture  of  susceptible  hosts  in  association  with  Meloittogyne  spp.  (Bird  and 
Brisbane,  1938;  Chen  el  al„  1994;  Mankau,  1980a;  Minton  and  Sayre,  1939;  Chapter  2), 

raanageraent  practices  (Brown  and  Nordmeyet,  1985;  Freitas,  1997;  Maheswari  el  al„ 

1988:  OcBlendoip  et  al„  1991a;  Stapleton  and  Heald,  1991;  Tzonzakakis  and  Gowen, 

1 994a;  Walker  and  Wachtel,  1989).  Pathogenicity  and  vintlenee  of  P.  peneimis  can  vary 
among  different  bacterial  isolates  (Channer  and  Gowen,  1992:  Davies  el  al„  1994; 

Oosiendoip  « al„  1990),  and  knowledge  about  their  biology  is  required  to  effectively 
include  the  organism  into  nematode  management  siniiegies  (Stilling,  1991). 

A mined  population  of  root-knot  nematodes.  Afe/oidogjvre  incognila  (Kofoid  & 
White)  CWlwood.  M.  yavon/cn  (Treub)  Chitwood,  and  M.  nremrtn  (Neal)  Chitwood,  was 
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I at  (he  University  of  Rorida  Go 


Agroaomy  Parm.  Alachua  County.  Pasieuria  penetrant  and  several  species  of 
nemalophagous  fungi  were  isolated  from  the  site  in  1991  (Chen  el  ol..  1994).  Posteuria 

nematodes,  and  significant  changes  in  the  density  of  Mclou/ogyne  spp.  tveie  observed  with 

The  objectives  of  (his  study  were  to  test  the  pathogenicity  of  the  naturally  occurring 
f.  pen«ra«  population  to  W.  incojnirj  and  M.yiivaoica  in  the  laboratory,  and  to 
determine  the  effecus  of  nitrogen  feniliirer.  autumn  cover  crop,  and  tobacco  cultivars  on  the 
populauon  density  development  of  Mtloidogyne  spp.  and  P.  penetrans  in  the  tobocco  field. 


In  the  summer  1992,  a random  sample  of  approsimately  30  roots  was  collected 
from  the  tobacco  site.  The  toots  were  washed  free  of  soil,  cut  into  2-  to  3<m  pieces  and 
mixed  thorou^ly.  Forty  females  and  accompanying  egg  masses  o!  Meloidagyne  spp. 
were  dissected  from  randomly  selected  root  pieces,  and  the  females  were  placed 
individually  on  an  eyeglass  in  a drop  of  deionized  water.  The  egg  masses  were  treated 
with  0.5%  NaOCl  for  I minute,  washed  with  sterile  water  three  times,  placed  individually 
into  2.5-ml  microfuge  rubes  containing  I ml  of  deionized  water,  and  incubated  at  room 
temperature.  The  females  were  cut  open  at  the  neck  region  to  release  the  body  contents, 
which  were  then  examined  for  mature  endospores  of  P.  penetrans.  The  nematode  species 
was  identified  by  optical  examination  of  20  perineal  patterns. 


Nemaiode  Populaiions 


One  week  after  isolation  from  roots,  5 ml  of  water  containing  approximately  250 
second-stage  juveniles  (J2)  hatched  from  egg  masses  obtained  from  three  ftisrenrio-frae 
females  of  either  M.  incognita  or  M.  Javanicit  were  placed  into  five  2-cm-deep  holes 
around  the  stems  of  two  4-week-old  tomato  {Lycoptrsicon  escuUnlum  L.  cv.  Rutgera) 
plants,  and  maintained  in  the  greenhouse.  After  60  days,  the  root  systems  were  harvested 
and  washed  free  of  soil-  Eggs  of  M.  incognita  and  M.  javunico  were  extracted  from  the 
infected  tomatoroots  (Hussey  and  Barker,  1973),  hatched  by  theBaermann  method 
(Rodriguea-Kabana  and  Pope,  1981),  and  used  for  experiments  as  1- to  4-day-old  J2,  or 
uioculaicd  to  ten  6-week-oId  tomato  plants,  and  maintained  in  the  greenhouse. 


One  week  after  their  isolation  from  roots,  approximately  250  J2  of  three  Pasrearfo- 
free  females  of  both  M,  incognita  and  Af.  javanica  were  exposed  to  mature  endospores  of 
P.  penerroiis  harvested  from  one  female  of  the  same  species.  After  24  hours  incubation  ta 
water  at  room  tempcmture  (26  ®Q,  the  average  number  of  endospores  attached  to  20 
randomly  selected  f 2 was  determined  with  an  inverted  microscope  at  X4(»  magnification. 
The  endospote  encumbered  J2  were  suspended  in  5 ml  of  water  and  then  placed  into  five 
2-cm-deep  holes  around  the  stems  of  two  4-week-old  tomato  (.Lycoptrsicon  esculentum  L. 
cv.  Rutgers)  plants,  and  maintained  in  the  greetihouse.  After  60  days,  the  root  systems 
were  harvested  and  washed  free  of  soil 

Root  systems  were  enzymatically  digested  in  Pectinol  (Cenencor.  South  San 
Francisco,  CA)  at  room  temperature  for  48  hours.  Mature  globose  females  were  hand- 


picked  rtomihe  sofiened  roots,  and  air  dried  on  an  eye  glass.  Afler3  day.s.  the  nemalode 
bodies  were  rehydraled  for  8 hours  and  macerated  in  a glass  tissue-grinder.  The  number  of 
endospores  was  counted  with  the  aid  of  a hemaiyiomeler,  and  their  concentration  was 
adjusted  to  I x 10*  endospores  per  ml  water. 


Attachment  studies  were  conducted  using  the  centrifuge  technique  (Hewlett  and 
Dickson,  1993).  AO.I-ml  sample  of  the  endospore-watersuspension  and  0.1  ntlofa 
suspension  of  2.000  J2  of  M.  mcognita  or  W.  javnntca  per  ml  of  water  were  placed  io  a 
0.2S-ml,  previously  silanined  mtcrofuge  tube  and  centrifuged  at  9,500g  for  2 minutes  using 
amicrofuge.  Each  atuichraent  study  was  replicated  five  times.  The  content  of  the 
microtube  was  stirred  and  placed  on  a gloss  slide  with  a pipette.  The  number  of 
endospores  per  juvenile  was  determined  for  20  randomly  selected  nematodes  per  replicate. 
Thereafter,  the  endosporc-encumbered  nemattrdes  of  both  species  were  suspended  in  5 ml 
of  water  and  inoculated  to  tomato  plants  as  described  above. 

Field  Experiment 

The  site  had  been  planted  to  tobacco  in  the  same  plots  for  seven  consecutive  years. 
The  3 X2  X 2 factorial  treatment  design  included-  three  autumn  cover  crops  (hairy  indigo, 
Imligofera  hirsula  L.;  forage  sorghum.  Sorghum  spp.t  and  weed  fallow);  two  inorganic 
nitrogen  ferliUzers  (89  and  158  kg  of  ammonium  niirate/ha)t  and  rwo  tobacco  cultivars 
(Coker  371-Gold,  which  is  susceptible  to  M.  incognita.  M.  jaranica.  and  Af.  arenaria,  and 
Noithrup  King  K-326,  which  is  resistant  to  M.  incognita  but  susceptible  to  U.  jaianka  and 
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M.  arenaria).  Hairy  indigo  and  forage  sorghum  were  planted  in  August  and  plowed  under 
In  November  of  each  year.  Rye  was  planted  over  the  cnrire  Held  in  early  December  to 
serve  as  a winter  cover  crop,  and  plowed  under  in  March.  Tobacco  seedlings  were 
transplanted  on  27  March  and  on  2 April  of  1992  and  1993.  respectively.  The  final  harvest 
wasjakenond  August  and  II  August  of  1992  and  1993.  respectively.  Preplani 
fertilization  included  a broadcast  application  of  l.dOOkg  of  b'b'IS  (N-P-K)  and  3A0  kg  of 
15-0-I4(N-P-K)of  sodium-potassium  nitrate  per  hectare.  At  the  final  cultivation,  in  late 
April,  granular  ammonium  nitrate  was  applied  adjaceni  to  the  plant  steirus.  The  plots  were 
arranged  In  complete  randomized  blocks,  and  replicated  four  limes.  Each  block  consisted 
of  one  row  with  a row  spacing  of  1.2  m and  a length  of  I2m. 

A 1 2-core  soil  sample  was  laker  with  a cone-shaped  auger  (2.5-cm  diameter)  from 
the  root  rhlzosphere  (20  cm  deep)  of  each  plot  on  2 April,  9 June,  and  2S  August  of  1992. 
and  on  2 April,  24  June,  and  14  August  of  1993.  The  soil  was  mixed,  sampled  for  soil 
moisture  deleiminalion  (samples  of  2 April  1992  and  1993).  and  processed  using 
cenlriftigal-floiatioD  method  (Jenkins,  1964).  The  numberof  J2/llXlcm' ofsoil,  the  rate  of 
atiachmenl  of  P.  penetrants,  and  the  number  of  endospores  attached  per  20  randomly 
selected  J2  were  delermined  using  an  inverted  microscope  at  X400  mtignificmion.  Root 
samples  were  collected  after  the  final  tobacco  harvest.  20  females  were  dissected  randomly 
from  each  sample,  crushed  on  a glass  slide  and  checked  for  infection  by penerrmr  with 
a compound  microscope  at  XIOOO  magnification.  Effects  of  the  autumn  cover  crop  were 
determined  for  the  1992  season  only. 


Lahnrarnrv  Exoeriinenl 


Meloidogyne  incognUa  and  M.  javaniea  were  idenlified  froin  lobacco  root  sampler, 
which  was  iherea/ier  confirmed  by  Chen  ei  al.  (1994).  Afier  24  hours  of  incubation  of  the 
original  P.  penetrans  isolnles  with  J2  of  either  species  at  room  temperature,  S749  of  J2of 
Af.  incognita  and  82%  ofJ2  o{M.  javaniea  were  attached,  with  an  average  number  of  2.8 
and  6.7  endospores  pet  juvenile,  respectively  (data  not  shown).  With  the  exception  of  one 
artachmeoi  leal  conducted  with  the  P.  penerruns-isolale  from  M.  Javaniea^  the  number  of 
endospoiBS  pet  juvenile  of  A/,  incogmia  was  higher  lhan  or  not  different  than  the  number 
of  endospores  auached  per  juvenile  of  A/,  jbvon/co  (ffi  0.05)  (Tables  4-1  and  4-2). 
Attachment  of  the  Af.  juvartico-isolale  was  higher  on  Af.  incognita  than  on  M,  Javaniea  after 
the  bacterial  parasite  was  grown  ouAf.  incognita  for  Iwo  consecutive  generations  tP  i 
0.05)(Table4-2).  However,  endospore  attadimeni  of  the  Af.  mcognira-isolale  after  three 
generations  on  Af.ycrvanrctr  was  either  maintained  or  reduced  (Table  4-1 ),  The  percentages 
ofJ2  attached  with  endospores  were  between  72  and  100%  (Tables  4-1  and  4-2).  In  the 
first  and  second  generation  aiischment  tests,  the  number  of  endospoms  per  22  and  the 
percentage  of  encumbered  22  followed  the  same  trends.  In  the  third  generation  aliachmenl 
lests,  the  percentages  of  22  with  auached  endospores  generally  were  not  different. 

Field  Experiment 


The  soil  moisture  content  ranged  from  6. 1-1 1.8%  soil  moisture  in  I992,and6.4- 
11.1%  in  1993.  The  number  of  toot-knot  nematode  juveniles  in  ihe  soil  and  thi:  galling 
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indices  U'ere  generally  hi|her  in  1992  than  in  1993  (sintislics  not  shown)  (Table  4-3).  Al 
planting  and  after  harvesi  in  1992,  Die  rooi-knol  nemaiode  density  was  higher  in  plols  with 
Ihe  history  of  the  higher  rate  of  inorganic  nitrogen  than  in  those  that  received  the  low 
nitrogen  rate  (/>  s 0.05).  This  effect  was  not  observed  in  1993.  Throughout  1992  and 
1993.  the  population  density  of  J2  in  the  soil  was  increased  by  both  tobacco  cultivar 
histories,  but  no  difference  was  observed  between  cuitivars  in  1992  and  most  of  1993. 
However,  a higher  nematode  population  density  under  the  resistant  tobacco  cultivar  than 
under  the  susceptible  cultivar  was  revealed  on  the  last  sampling  in  1993.  The  number  of  J2 
wasNgher  with  weeds  than  boiiy  indigo  or  sorghum  at  harvest  in  1992.  At  mid-season  of 
1992,  but  not  in  1993,  an  interaction  between  cullivarand  autumn  cover  crop  was  found  to 
affect  the  number  of  J2  in  the  soil  (Table  4-3).  The  nematode  populalion  density  was 
lowest  in  NK-326  plots  that  followed  the  forage  sorghum  cover  crop  (data  not  shown). 
This  ebservation  was  not  validated  by  repeal  In  1993. 

b 1992,  interactions  between  the  inorganic  nitrogen  fertilizer  levels  and  the  tobacco 
cultivar  histories  affected  the  number  of  J2  in  the  soil  al  planting  and  after  tobacco  harvest 
(P  S 0.05)  (Tables  4-3  and  4-4).  At  planting  and  after  harvest,  the  higher  rale  of 
ammonium  nitrate  fertilizer  resulted  in  a greater  popidaiion  density  of  J2  in  the  toot 
rhizospherc  of  NK-326  than  in  Coker  37i-GoId.  As  opposed  to  NK  326.  the  number  of 
nematodes  in  the  root  rhizosphere  of  Coker  371-Cold  was  not  increased  by  the  higher  level 
of  feitillzer  (Table  4-4). 

RooigallingofCoi[er37J.Gold  was  les.s  than  that  of  NK-326  (/>£  0.001  for  1992, 
fSO.OS  for  1993).  In  1992,  root  galling  on  tobacco  was  less  in  plots  following  hairy 
indigo  and  forage  sorghum  than  in  plots  following  weeds  (f>s  0.01).  but  no  observations 
were  mode  in  1993  to  validate  Ihe  effceis  of  the  cover  cre^.  The  galling  indices  were  not 
affected  by  the  nitrogen  treatmemsi  however,  an  interaction  between  the  inorganic  nitrogen 
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Table  4-4.  [nlcncUon  belwecn  inorianic  nitrogen  fertilizer  levels  and  tobacco 
cullivor  history,  and  their  effects  on  the  mimber  of  second-stage  juveniles  (J2)  of 
Mcloidogyne  spp.  in  100  g of  soil  collected  at  planting  and  after  the  final  harvest  in 


Number  of  12  oer 

lOOsofsoil 

3Aonl 

28  August 

Culuvar  historv 

89keN  l58kcN 

89  kuN 

158  keN 

Coker  371-Gold 

3 a A 9b  A 

477  a A 

469  b A 

8aB  23aA 

140bB 

844  a A 

The  values  were  transformed  with  log,g  (7  -e  1|  before  being  .subjected  to 
ANOVAt  the  same  lower  case  letters  in  columns  or  upper  case  letier  In  rows  for  the 
some  sampling  dares  indicate  no  significant  diffemnce  P ^ 0.05  according  to 
ANOVA. 


Table  4-5.  Interaction  between  ino^anic  nitrogen  fertilizer  levels  and  tobacco 
cuIUvar  history,  and  Iheireffects  on  the  root-galling  index  in  1092  and  1993. 


RnnI-valline  mrlex' 

1992 

Culuvar  historv 

89k£N  158  kg  N 

Coker  371-Gold 
NK-326 

2.7aA  2.2bA 

3.laA  3.4aA 

1.0  b A 
2.2  a A 

l.4bA 
2.4  a A 

The  values  were  transformed  with  arcsin  (Vx)  before  being  subjected  to 
ANOVA;  the  same  lower  case  Icrteis  in  columns  or  upper  case  letter  in  rows  indicate 
no  significant  difference  at  0.05  accoiding  to  ANOVA. 

•The  galling  index  scale;  0 = no  galls,  1 = 1-10.2  = 11-20,  3 = 21-55,  4 = 56- 
80, 5 5 81-100%  of  roots  galled. 
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fenUizerand  the  tcbacco  culdvar  huiocy  wos  found  to  offnt  the  galling  indices  (P^O.OOI) 
(Tables  4-3  and  4-3).  'Hie  high  rate  of  airtmonium  nitrate  rasulted  in  mote  severe  root 
galling  on  NK-326  than  on  Colter  371-Gold  la  both  years  (f*s0.05)  (Table  4-5).  TTiis 
staiemenl  is  valid  for  the  low  level  of  nitrogen  in  1992,  but  not  for  1993.  In  comparisoa 
with  a root  galling  index  of  3.8  in  the  weed  fallow  plots,  the  severity  of  root  galling 
decreased  to  2.0  and  1.7  after  Coker  371-Gold  plots  were  covered  with  hairy  indigo  or 
forage  sorghum,  respectively  (data  not  shown).  Galling  indices  differed  between  the 
blocks  in  both  seasons  (f’s  0.001)  (Table  4-3). 

A high  percentage  of  the  J2  had  endospoies  off.  ptntirans  attached  (Table  4-6). 
The  percentage  attachment  and  the  number  of  endospores  attached  per  juvenile  remained 
fairly  constant  over  the  six  sampling  dates.  In  June  and  August  of  1992,  and  in  August 
1993,  the  percentages  of  f 2 with  attached  endospores  were  higher  in  the  root  thizosphere  of 
Coker  371-Gold  than  in  NK-326  (f  sO.05).  The  autumn  cover  crops  affected  the 
percentage  of  attached  J2  only  on  the  first  sampling  date  of  the  first  year.  At  that  ume, 
more  J2  were  encumbered  with  entlospores  after  an  aurumn  cover  with  weeds  or  hairy 
indigo  than  after  forage  sorghum.  No  effect  of  the  inorganic  nitrogen  fertilizer  was 
observed  on  the  perceninge  of  J2  with  attached  endospores  off.  perrerrons  or  the  number 
of  endospores  per  juvenile.  The  perceninge  of  females  infected  by  f.  penerrarrj  was  not 
affected  by  the  treatmems.  Variations  among  blocks  affected  endospore  ailachmeni  and  ibe 
female  infection  rate  at  various  sampling  dates. 

An  interaction  between  tobacco  cultivor  history  and  autumn  cover  crop  revealed 
that  in  the  root  rhizosphere  of  NK-326,  more  J2  were  encumbered  with  endospores 
after  weed  and  hairy  indigo  autumn  cover  than  after  forage  sorghum  (f  s 0.03)  (data 
not  shown).  There  was  an  interaction  among  the  niuogen  levels,  the  tobacco  culiivar 
history,  and  the  autumn  cover  crops  affecting  the  percentage  ofJ2  attached  with 


Ta9L£  4-7.  Inleraciion  amung  iaoiganic  nilrogen  fenilizer  lev«U.  tobacco 
culiivar  hisloiy,  and  cover  crops,  and  their  effects  on  the  percentage  of  second-stage 
juveniles  (J2)  encumbered  with  endospores  of  Pasieuria  peneirans  at  planting  in  1992. 


Peirencoge  of  J2  encundtered  with 
endospores 

Cultivar  history  Covet  crop 89  kjt  N |S8  kgN 

Coker  371-Gold  Weed  fallow  34aA  34aA 

Hairyindigo  6bA  27aA 

Forage  sorghum  15  b A 12  a A 


NK-326 


Weed  fallow 
Haiiy  inthgo 
Foraae  sorghum 


46aA 

4bA 


The  value.s  were  transfomicdwithaicsin(di)  before  subjected  to  ANOVA  and 
Duncan's  multiple-range  test.  The  same  lower  case  letien  in  columns  within  each 
cultivar  histoiy  or  upper  case  letter  in  rows  indicate  no  significant  difference  at  />  < 0.05 
according  to  Duncan's  multiple-range  test  or  Student  r-test,  respectively. 


endospores  at  the  time  of  planting  (Table  4-6  and  4-7).  In  NK-326  plots  under  hairy 
indigo,  the  iow  rale  of  ammonium  nitrate  resulted  in  the  hi|he,st  endospores  attachment 
per  juvenile  in  comparison  with  weeds  and  sorghum  (FsOOI);  however,  at  the  high 
tate  of  fertilizer  the  percentage  of  attachment  was  highest  after  weed  fallow.  The  trends 
were  not  observed  in  1993,  The  highest  endospores  attachment  per  juvenile  in  Coker 
371-Gold  was  observed  at  the  low  rate  of  nitrogen  after  weed  tallow,  but  there  was  no 
differenc  between  the  nitrogen  levels. 


Discussion 

Over  a time  period  of  2 years  in  a long-term  field  Mperiment  with  tobacco,  the 
nematode  population  densities  and  root-galling  indices  declined,  whnroa.s  the  P. 


ptntlrom  population  denailies  increoaed.  The  lelauvely  high  percentages  of  females 
with  eadospores  verifies  that  P.  penerranj  was  established  and  Impacted  the  root-knot 
nematode  population.  The  two  isolates  of  penerronr  were  similar  or  sometimes 
more  virulent  toAf.  incognita  than  to  M.  /ovnn/ra;  however  this  experiment  was  not 
repealed  for  validation. 

Multiple  years  of  Coker  371-QoId  favored  endospore  build-up  in  the  soil. 
These  observations  are  in  contrast  with  results  from  a preceding  season  (Chen  et  al., 
1994),  in  which  nematode  populations  densities  in  the  root  rWzosphere  of  NK-326 
were  lower  than  those  of  Coker  371-Ooid,  and  the  percentage  of  endospore 
encumbered  J2  was  not  difTerent  or  slightly  higher  in  NK-326  then  in  Coker  37 1-Oold 
plots.  This  trend  may  have  resulted  from  the  suppression  of  predominantly  M. 
incognita,  and  the  btuld-up  of  mainly  M.  javanica  which  was  less  susceptible  to 
attachment  by  P.  penurans  endospores  under  laboratoiy  conditions. 

[norganic  nitrogen,  urea  and  their  analogs  are  known  to  have  ncmaticidal  effecu 
(Rodrlguez-Kibana,  1986;  Rodriguez-Kdbanaet  al.,  1981;  Spiegel  et  al„  1982; 
Talaveraet  al..  1984),  and  to  inhibit  the  development  of  root-knot  nematodes  in  plant 
roots  by  preventing  the  formation  of  feeding  sites  (Glazer  and  Orion,  1984).  Results 
observed  in  this  study  suggest  that  this  mechanism  may  be  of  little  or  no  importance 
for  tobacco  under  field  conditions.  During  the  1992  season,  but  not  in  the  1993  season, 
the  tohaato  cultivar  with  resistance  to  M.  incognia  supported  a higher  nematode 
population  than  the  susceptible  cultivar  when  receiving  the  high  level  of  nitrogen. 

In  early  season,  effecu  by  the  weed  fallow  and  hairy  indigo  autumn  cover  crop 
may  enhance  the  percentage  of  endospore-encumbered  J2  in  the  soil.  This  trend  was 
observed  in  1992  but  could  not  be  validated  in  1993.  Although  hairy  indigo  is  usually 
planted  to  suppress  root-knot  nematode  populations,  some  nematode  reproduction  can 
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occur  (Dominguez  el  al..  1985;  McSorley  el  al..  1994)  and  coniiibule  lo  ihe  build-up  of 
P.  penetrans  endospores. 

Tbere  were  outcroppings  of  clay  pociteis  across  the  field.  These  small  areas 
hold  more  water,  thereby  leadiog  to  variations  in  soil  moisture.  Although  not  mapped, 
its  existence  probably  effected  galling  indices,  the  percentage  of  J2  with  attached 
endospores,  and  the  percentage  of  femuJes  infected  with  P.  peiteimns.  The 
development  of  Meloidagyne  spp.  is  affected  by  fine  leziured  soils  (Windham  and 
Bariter,  1986),  and  the  development  of  both  the  nematode  and  P.  penetrans  was  slower 
when  soil  moisiiite  was  maintained  at  field  capacity  (Davies et  al„  1991).  Theefficacy 
of  the  bacterial  parasite  is  known  to  depend  on  the  density  of  its  host  nematode 
(Stirling,  1991),  All  this  suggests  that  oxygen  depletion  inwei  soil  inhibits  root 
development  and  respiration,  supports  Ihe  establishment  of  tool  pathogens,  lowers  the 
reproductive  rates  of  the  nematode,  and,  hence,  hampers  the  increase  of  the  f. 
penetrans  endospote  population  densities  in  soil. 

It  Is  nol  clear  whether  the  resistant  tobacco  culUvar  induced  a shift  in  the 
composilion  of  the  root-knot  nematode  population.  Supposing  laboratory  studies 
suggested  that  aiiachfiienl  of  theAf^vanico-isoIaie  toAf.  incognira  increased  after  the 
bacterial  piuasiie  was  grown  on  W.  incognita  foriwoconseculive  generations;  thus,  the 
f.  penerroru  population  present  in  the  field  appears  to  be  cap^le  of  adjusting  lo  a 
possible  change  in  the  nematode  population,  if  there  is  time  for  natural  selection  to  lake 
place,  it  may  be  possible  for  new  strains  of  Pastenria  spp,  lo  evolve  that  are  beller 
fitted  to  the  local  environmeni  or  more  virulent  to  the  shifting  nematode  population. 

This  also  was  observed  by  others  (Channer  and  Gowen.  1992;  Ooslendotp  el  al.. 

1990).  Aspreviously  reported,/’,  peneironr  has  maintained  itself  in  situations  where 
nematode  populations  were  altered  by  achange  b cropping  practice  (Stirling,  1991). 


CHAPTER  5 

SUPPRESSION  OF  MELOIDOCYNE  INCOCNtTA  AND  M.  JAVAMCA  BY 
PASTEURIA  PENETRANS  IN  FIELD  SOIL 


Intfoducuon 

Puhogeo-suppre&sive  soiB  are  dermed  (Baker  and  Cook,  1982)  as  soils  in  which 
ihc  pathogen  does  not  establish  or  persist,  establishes  bul  coasts  little  or  no  damage,  or 
establishes  and  causes  disease  (conducive  soil)  but  thereafter  the  disease  Is  reduced  even 
though  Ihe  pathogen  persists  in  the  soil.  Soils  suppressive  to  plant  pathogens  may  occur 
naturally  as  an  inherent  characteristic  of  the  physical,  chemical,  or  biological  smiclure  of  a 
parucular  scnl,  Suppressiveness  also  may  be  induced  by  some  agronomic  practices,  such 
os  planting  a crop  or  adding  organic  or  nutritional  amendments,  which  change  the 
microflora.  Induced  suppressiveness  apparendy  develops  as  a result  of  Ihe  buildup  of 
antagonists  in  response  to  a high  pathogen  population  (Baker  and  Cot*,  1982). 

The  endosporeTorming  bacterial  parasite.  Pasuuria  pemirtuis  (Ttiome)  Sayre  & 
Starr,  is  widely  distributed  in  agricultural  soils  throughout  the  world  (Sayre  and  Starr, 
Stiriing,  1991;  1988)  and  contributes  to  natural  and  induced  nematode  control,  especially  of 
Mrloidogynespp.  (Bird  and  Brisbane,  1988;  Brown  el  al..  1985;  Charmer  and  Cowen, 
1988;  Chen  cl  aJ..  1 996b;  Dickson  el  al„  1994;  Kerry.  l990;Mankau,  1980a;  1980b; 
Minion  and  Sayre,  1989;  Oostendorp  et  al.,  I99ln).  The  suppression  ofMeloidogyne  spp. 
by  P.  penetrans  occurred  mostly  after  long-term  monoculture  of  susceptible  hosts  with 


MthiJogfnt  spp.  (Bird  and  Brisbane.  19&8:  Cheneial.,  1994;  ManScau,  19$0a;  Minion 
and  Sayre.  1989). 


In  1994.  a sile  in  Alachua  County.  Florida  lhai  was  suppressive  to  Mebidojyna 
spp.  was  identified  (Chen  ei  nl.,  1994;  Chapter  4).  The  field  had  been  planted  continuously 
for  7 years  to  fiue-cuied  tobacco  {Nicoiiaaa  labacum  L).  No  nematicides  or  other 
nematode  management  practices  were  applied  to  the  site.  Root-knot  damage  was  initially 
seveie  and  caused  by  a mixed  population  of  M.  mcogniiatKe  I (Kofoid  & White) 
Chitwood  andM.ym-anico  (Tieub)  Chitwood.  Yield  reductions  decreased  over  the  years  to 
a point  where  there  was  little  economical  loss  (Whiity,  personal  communication). 
Endospores  of  P.  peneirans  were  found  in  mature  females  and  attached  to  second-stage 
juveniles  (J2)  of  both  nematode  species  from  samples  collected  throughout  the  field,  and 
several  species  of  fungi  were  isolated  from  J2  and  egg  masses  (Chen  et  nl..  1994).  The 
obJecUve  of  this  study  was  to  determine  the  role  of  P.  penetnms  in  suppressing  M. 
incognita  ortiM.Javanicu  in  soil  from  this  tobacco  field. 


Soil  TreatmenK 


The  field  sile  was  located  al  the  University  of  Rorida  Green  Acres  Agronomy 
Farm,  Alachua  County.  Approximately  90  liters  of  soil,  a loamy,  siliceous,  hypothermic 
Grossarenic  Paleudulis  with  90%  sand.  4%  silt,  6%  clay,  and  12%  organic  matter,  was 
collected  with  a bucket  auger  (lO-cm  diamcler)  in  March  1993  (greenhouse  experiment  1 ), 
and  in  July  1993  (greenhouse  experiment  2)  from  the  tobacco  field.  The  soil  was  passed 


Ihrougti  a S-iiun-apemire  sieve,  miied,  and  divided  into  Four  subsamples  of  22  lilers  each. 
The  subsamples  were  eidierauioclaved,  microwaved,  air-dried,  orlef)  iinueaied. 


d,  I S-cm-diameler  ciay  pols  were  fUled  with 


soiUca.  1 lilet/pol),  covered  with  aluminum  foil,  and  placed  b an  autoclave.  After  the  ftnt 
heat  treatment  for  1.5  hours  at  55  kPa,  the  pots  wcie  removed  from  the  autoclave.  The 
treatment  was  repeated  after  pots  and  soil  had  cooled  to  room  temperature. 


soil  were  placed  b even  layers  in  open  plastic  bags  and  heated  in  a microwave  oven  for  3 
minutes  (Chapter  3)  at  full  power  (1 ,500  W,  2.450  Mhz).  which  caused  the  temperature  to 
rise  to  about  75  'C. 


collecied  2 weeks  priur  to  the  collection  of  soil  for  the  autoclaving,  microwavmg,  and 
untreated  soil  treatments.  The  soil  was  placed  in  3-  to  5-cm-thick  layers  on  plastic  trays 
and  stored  for  2 weeks  b the  greenhouse  to  eliminate  or  reduce  the  natural  nematode 
population. 

Unueaied  soil:  This  soil  remained  as  collected  from  the  field. 


One  day  aficr  ihe  soil  was  uiaied,  a diluiion  plating  technique  was  employed  to 
assay  for  selected  fungi  (Johnson  and  Curl,  1972).  One  gram oftho  miaedsoil  fromeach 
soil  treatment  was  dispersed  and  constantly  agimted  in  200  ml  of  sterilized  water.  Under 
steriie  conditions  I ml  of  the  soil  solution  was  plated  on  potato  destrose  agar  (PDA;  Difco 


For  the  microwave  heating  trcaunenl,  I -kg  lots  of 


The  22  liters  of  soii  for  Ihe  air-diybg  treatment  were 


U^wralories,  Detrold,  Ml)  conuining  100  mgslreploniydii,  50  mg  chlonelnicycline  and 
I.Oml  of  letgilol/licer  of  medium,  respeclivBly(Sleiner  and  Waison,  1965).  Sixrepljcoies 
were  plaled  for  eacli  soil  ireaimem.  After  3 days  of  incubation,  ihe  fungal  colony-foimiog 
units  (cfu)/g  of  soil  were  deieiminecL 

Asoilbioassay  (Ooslendocpetal.,  l99la)usedAfefi>i<fog>'ne  inrogniVn  race  1 as 
Uic  host  to  determine  the  presence  of  P.  penemmr.  A sample  of  50  g of  dry  soil  from  each 
treatment  was  placed  in  a petri  dish,  and  replicated  six  times  for  the  bioassay.  The  soil 
water  content  was  adjusted  to  100%  field  capacity  to  inciease  the  rate  of  endosporc 
attachment,  and  the  dishes  were  left  uncovered  at  room  temperature  (Brown  and 
Nordmeyer,  1985).  After  3 days,  500  J2  of  the  test  nematode  were  added  and  the  moisnire 
level  was  adjusted  to  50%  of  field  capacity.  The  J2  vrere  extracted  by  ceatrifugal  flotation  2 
days  later  (Jenkins,  1964),  and  the  number  of  endospores  per  juvenile  was  determined  with 
the  aid  of  an  inverted  microscope  for  20  randomly  selected  J2  per  replicate. 


Treatments  were  atianged  to  a2X  2X  4 factorial  design  that  included  four  soil 
treatments  (as  listed  above),  inoculum  levels  of  0 and  2,000  J2  of  Af.  iticojnfrn  race  1/pol, 
and  lobacco  cultivars  Coker  371-Oold  (susceptible  to  both  Af.  i/icognirn  and  Af.  yavan/ca) 
and  Noithrup  fOug  K-326  (resistant  to  Af.  incogniia  but  susceptible  to  M.Jmmtiea).  The 
soil  from  each  tteattncm  was  placed  into  sterilized  15-cm-diameierclay  pols  (ca  I 
liler/pot).  Treatments  were  replicated  six  times  in  the  first  experiment  and  five  times  in  the 
second  experiment.  The  moisture  level  was  adjusted  to  i^jproximaiely  50%  of  the  field 
capacity.  Pots  were  covered  with  aluminum  foil  and  held  for  3 days  in  a growth  room  at 
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28-30 'C  and  14  houreof  li|hl.  Mehiilogyne  iiuognila  ace  1 J2  were  suspended  in  10  ml 
of  water  and  dispensed  equally  into  each  of  five  holes,  3-cm  deep,  In  ihe  soil  of  each  poL 
Five  days  laier,  one  5-  to  lO-cm-lall  K^acco  seedling  was  transplanted  mio  each  pot.  A20- 
20-20  (N-P-K)  fertilizer  was  applied  once  per  week,  and  bsccts  were  controlled  as  needed 
using  recommended  inseclicidcs. 

The  two  experiments  were  run  for  45  days  and  46  days,  respectively.  Plant  height 
and  fresh  shoot  weights  were  recorded.  The  tool  systems  were  washed  free  of  soil,  excess 
water  was  removed  with  paper  towels,  and  the  roots  were  weighed  and  then  stored  in 
plastic  bags  at  4 "C.  The  following  day,  roots  were  stained  with  Phloxine  B (Dickson  and 
Strubel,  1965),  and  the  numbers  of  root  galls  and  egg  masses  were  counted.  Eggs  were 
extracted  with  1.05%  sodium  hypochlorite  (Hussey,  1971)  and  the  number  of  eggs 


The  Meloidogynf  incognira  race  1 isolate  used  in  this  study  originated  from  tobacco 
grown  on  the  University  of  Florida  Green  Acres  Agronomy  Research  Farm,  Alachua 
County,  Florida.  Species  and  race  of  the  nematode  populaiion  were  idenitfied  by  optical 
examination  of  the  perineal  pattern  with  Ihe  aid  of  light  microscopy,  and  by  the  resulis  of  a 
differential  host  tesl  (Hartman  and  Sasser,  1985).  The  nematode  wasculrured  in  a 
greenhouse  on  tomato  (Lyxopersieaa  escultmm  Mill.  cv.  Ruigers)  from  asingle  egg 
mass.  Eggs  of  M.  incogniin  were  extracted  from  infected  tomato  coots  (Hussey  and 
Barker,  1973),  harehed  on  a Baermann  (Rodriguez-KSbana  and  Pope,  198!)  and  used  as  I- 
10  4-day-old  J2  in  the  bioassay  and  the  suppressive  soil  experiments 


Sialislical  Analysis 


All  data  were  subjKied  to  faclorial  analysis  of  variance  (ANOVA).  Different 
means  were  sepaiaied  and  compared  with  Dancan'  multiple-range  tesi  or  Student's  r-iesL 


Survival  of  the  fungal  populations  and  f . penerrutu  in  the  field  soil  varied  with  soil 
treatments  (Table  5-1).  Populations  of  fungi  In  autoclaved,  microwaved,  and  air-dried  soil 
were  different  (PsO.05);  however,  quantitative  survival  of  fungi  in  the  air-dried  soil  did 
not  differ  from  the  untreated  soil  (/*£  0.05).  The  numbers  of  P.  penetrans  cndospores  per 
juvenile  did  not  differ  among  the  microwaved,  air-dried,  and  untreated  soil  (PsO.OOlX  but 
all  endospore,<  were  killed  in  the  autoclaved  soil  (Table  5-1).  In  the  microwaved  soil, 

liingal  populations  were  reduced  in  comparison  to  untreated  or  air-dried  stril,  whereas  the 
attachment  ofendospores  was  not  affected. 


Suppressive  soil  ireatmem  results  in  both  eaperimeni  1 and  2 were  similar  (Table 
5-2),  Interactions  were  detected  for  cultivars,  soil  treatments,  and  boculation  levels  (P 
^.05);  thus,  data  of  the  different  culttvars  are  presented  separately  (Tables  5-3  and  5-d), 


Table  5-1.  Survival  of  soil  fungi  iniPasuuria  pentlrans  in  unuemed  soil  or  soil 
autnclavsd  twice  for  1.5  hours  at  55  kPa,  microwaved  for  3 minutes/kg  of  soil,  air^lried 
for  2 weeks  in  the  greenhouse. 


Soil  ircaunenis 


Autoclaved 

Micaowaved 

Air^lried 

Untreated 


Cfu  of  fungi 
per  g of  soil 
Oc 


2i  lo’b 
2,7a  10‘o 


Mean  number  of  A peneirons 
endospores  attached  per  20  J2^ 
Ob 
lOa 
!3a 

8a 


Values  are  means  two  ejiperimenls;  six  replicates  each.  Means  within  columns 
followed  by  the  same  letter  do  not  differ  at  < 0.05  according  lo  Duncan's  multiple-range 

The  number  of  fungal  propagules  was  dcicimined  by  dilution  plating,  and  is 
presented  as  colony-forming  units  (cfu). 

The  endospores  of  P.  penetrans  were  bioassayed  on  second-stage  juveniles  (J2) 
of  Meloidogyne  incognito  race  1 . 
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Tasle  5-2.  ANOVa  table  for  the  effects  of  tobacco  cultivars,  soU  treatmcats 
(autoclavuig.microwaving,  air-diying,  and  unueaied),  and  Meloidogyne  incogniia  race  1 
inaculiim  levels  (0  or  2,000  second-stage  juveniles)  on  neinatade  cepcoduciion  and  plant 
performance. 

Number 

Number  ofegg  Number  Total 

of  galls  masses  of  eggs  plant  Shoot  Root  Total 

ANOVA  perroot  perroot  perroot 

system  system  system 


welghi  vreighi  erowlh 


Inoculation 
level (I) 
CaST 


CullivarfC) 
Soil  treatment 
<ST) 

Inoculation 
level  (I) 
CxST 


Experiment  I 


Ills  ■ 5 ; 

= s « 


::  i 2 
; ! ; 
I i s 

S S g K 


2 Z 2 


5 8 I 
5 S S" 
R S S 


■‘ls|p|Ksls 

•“ii"”i| 
j'  .|i«i  iiii 


= = ' = 5 S g 2 

111  • ; S 3 S 6 3 3 1 

}J  ■ 3 3 3 I 3 ; 5 s 

iiii  iiii 

iln  llii 


; s ; 1 

i S : ? 

! ; 

; 5 : ; 

asi 

B 5 2 2 

5 S 2 z 

; c s = 

K R S S 

an 

^ ^ ^ 

i II 1 

1 ii  1 5 

an 

1 ? K i 

’’ii 

aa 

-ii 

S S i i 

s ; i 1 

; ; ; ; 

1 • J 1 

s s ; 1 

; s 1 i 

1 3 S 1 

; : I 1 

Hi!  iiil 

fi 


it 

1 


!! 


98 

When  the  susceptible  culiivar  icceived  nematode  inoculum,  root  galling,  number  of 
egg  masses,  and  individual  eggs  were  less  in  microwaved,  air-dried,  and  in  unirealedsoil 
than  in  auloclaved  soil  (f’£O.OSl(Tid>leS-3).  In  experiment  1.  ihe  nund»r  ofeggswas 
further  suppressed  in  (he  air-dried  soil  compared  with  other  ireaunents  (/*<0.D5). 
However,  this  effect  was  not  observed  in  experiment  2,  in  which  the  microwave  treated 
soil,  with  few  fungi  present  (Table  5-1),  was  just  as  suppressive  as  the  air-dried  arrd 
untreated  soil  (Table  5-3).  In  comparison  with  the  uninoculaied  treauiKnls.  nematode 
reproduction  on  snsceplibie  Coker  371-Gold  was  lower  in  the  autoclaved,  microwaved, 
and  air-dried  soil,  but  not  in  the  umrealed  soil  [P  £ 0.05). 

Meloidogyne  incognila  race  I reproduced  slightly  on  the  resistant  tobacco  cultivar 
(Table  5-4).  With  the  exception  of  the  air-drying  irealmenl  In  experimeni  2,  nematode 
reproduction  on  resistanl  Norihrop  King  K-326  did  not  differ  between  tnoculalion  levels  (P 
SO.OS).  When  no  nematode  inoculum  was  added,  and  generally  when  inoculum  was 
added,  toot-knoi  damage  in  the  untreated  soils  was  higher  than  in  the  other  ireaimenls  (Ps 
0.05). 

Plani  performance  did  not  differ  among  ireatmenis  in  ihe  case  of  the  inoculated 
susceptible  tobacco  cultivar  (Table  5-3).  However,  when  no  inoculum  was  added,  the  total 
weight,  shoot  weight,  and  shoot  height  but  not  root  weight,  were  generally  greater  in  Ihe 
autoclaved  soil  than  that  in  the  other  treatments  (Pg  0.05).  Inexpenment  i.tbe 
performance  of  the  uninoculated  resistant  cultivar  was  generally  favored  in  nutoclaved  and 
untreated  soils  (Table  5-4).  The  weight  of  inoculated  roots  of  either  cultivar.  and  of 
uninoculaied  roots  of  the  susceptible  cultivar  was  not  affected  by  soil  treatments  (Tables  5- 
3 and  5-4). 


Nematode  rcpioduccion  wa.s  suppressed  coosisrend^  in  the  presence  of  viable  P, 
penetrans  endospores.  The  reducuon  most  likely  resulied  from  the  infection  of  M. 
incognita  by  P,  penetrans,  since  the  number  of  egg  masses  and  eggs  were  reduced  more 
than  the  number  of  root  galls.  This  supports  earlier  observations  that  infection  by  P. 
penetrans  Closes  sterility orieduced  fecundity  in  females  (Mankau.  1980a:  Minton  and 
Sayre,  1989).  Although  nematode  suppression  by  soilbome  fungi  and  penerrons  could 
not  be  evaluated  separately,  an  additive  nematode  suppression  would  be  expected  to  cause 
differences  in  nematode  reproduction  between  the  microwaved  and  air-dried  soils.  In  one 
experiment,  a significandy  lower  number  of  eggs  was  observed  in  air-diied  soil.  However, 
since  this  effect  could  not  be  reproduced  in  experiment  2.  the  roles  of  fungi  in  nemaiode 
suppression  could  not  be  elucidated.  These  results  support  the  hypothesis  that  P. 
penetrans  is  the  main  cooiribuior  to  the  suppressiveness  of  the  soil. 

The  reproduction  of  Meloulogyne  incognita  race  1 on  the  resistant  cultivar  is  not 
unusual  in  that  it  hat  been  reponed  in  several  other  studies  with  planes  carrying  the  same 
Mi  I resistance  gene  (Huang,  1986;  Schneider,  1991;  Veechand  Endo,  1970).  Root-knot 
damage  on  the  resistant  cultivar  in  the  untreated  soil  probably  resulted  from  infecdon  by  the 
natural  populadon  of  M.javanica.  Nemaiode  reproduction  was  not  increased  by  additional 
nemaiode  inoculum. 

The  generally  improved  plum  perfbmimcc  (except  root  weight)  observed  in 
autoclaved  soil  was  probably  induced  by  on  increased  release  of  nulrienis  inlo  Ihe  sod 
solulion  (Ferriss.  1934).  In  experimenl  2,  inoculated  planu  did  not  benefit  from  the 
autoclave  ireatment.  In  (his  ease  water  and  nutrient  absorption  may  have  been  limited  by 
the  heavy  nemaiode  infection  (Hassey,  1 935).  Severe  siunUng  and  yield  reductions  caused 
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by  M.  mcogniui  on  resistani  cullivars  was  previously  described  as  being  caused  by  ibe 
hypersensitive  response  of  Ihe  reslslanl  roots  lothe  nematode  infection  (Barker  el  nl., 
1981). 

The  suppressive  nature  of  soils  containing  P.  penetrans  has  been  reported 
previously  (Bird  and  Brisbane,  1988;  Dickson  el  al..  1994;  Monkau,  1980a).  In  all  cited 
cases,  continuous  replanting  of  a nematode-susceptible  crop  apparently  couaed  ihe 
nematode  antagonist  to  increase  to  suppressive  levels.  Bird  and  Brisbane  (1988) 
demonstrated  qualitatively  ihe  biological  origin  of  nematode  suppression  caused  by  f. 
penerranr  in  field  soil.  In  Che  present  study,  the  lovrer  number  of  developing 
Mtloidotyne  spp.  in  the  microwaved  soil  with  viable  P.  penetrans  endospores  suggesls 
that  P.  penetrans  was  important  in  nematode  suppression  and  the  reduction  of  plant 
damage.  Further  improvement  of  the  bioassay  for  nemalophagotis  fungi  is  required  in 
order  to  make  conclusions  about  their  contribution  to  the  suppressiveness  of  a soil  to  pant- 


CHAPTER  6 

POPULATION  DENSITY  DEVELOPMENT  OF  MELOIDOGniE  AKENARJA  AND 
PASTEURIA  PENETRAMS  IN  METHYL  BROMIDE  TREATED  SOIL 


nematodes  was  esiimaleil  10  be  approximuely  12%  (Sasser  and  Freckman.  1987).  The 

amagonislic  to  root-knot  nematode.s,  Paneuria  penelrans  has  the  potential  to  contribute  to 
natural  and  induced  nemalode  control  (Bird  and  Brisbane.  J988;  Brown  etal.,  1985: 
ChannernndGowen,  1988:  Dickson  et  al.,  1994.  Kerry,  1990:  Mankau,  1980:  Mbtonnnd 
Sayre,  1989;  Oostendorp  et  aL,  1991a;  Sayre  and  Slatr,  1988;  Stirlini  and  White,  1982). 
Unfoniinaiely.  this  obligate  bacterial  parasite  cannot  be  mass-reared  in  vims,  which  limils 
economic  application  to  potting  soil  and  sraall-plot  agricidtiin:.  UiUil  a procedure  of  mass 
cultivation  is  developed,  and  P.  ptniinuis  is  successfully  commercialized  as  a biological 
contiol  agent,  the  emphasis  has  to  be  on  ampUTication  of  the  pathogen  in  soil. 

Levels  of  P.  penemmsiiiat  are  suppre,ssive  to  popa\aiioas  of  Meloidogyne  arenaria 
can  be  inoculated  into  root-knot  nematode  infested  soil  (Chenet  al.  1996b;  1997c)  or  can 
built  up  in  soil  over  lime  in  the  presence  of  a nemalode  host  and  a susceptible  crop 
(Dickson  Blal.,  1994;  Minion  and  Sayre,  1989;  Oostendorp  cial„  1991a;  Chapters  2 and 
4).  Nemalode  suppressive  levels  in  peanut  (Arnchrs  kypogaeii  L.)  look  3 years  of  cropping 
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10  <levelop.  wiih  crop  losses  in  the  rust  2 years  of  a microploi  study  [Ooslendoip  et  al.. 
1991a:  Chapter  2). 

Increasing  the  suppiessiveness  of  a soil  to  disease  on  a susceptible  host  with  the 
simultaneous  cultivation  of  a resistant  or  tolerant  crop  In  on  imercropping  system  with  the 
susceptible  crop  may  limit  economic  losses.  Intercropping  is  defined  as  growing  two  or 
mote  crops  simultaneously  on  the  same  land  (Lewandowshi,  1987).  This  cropping 
technique  is  practiced  frequently  in  developing  countries,  but  is  lareiy  used  m developed 
countries  like  the  United  States  (Francis  and  Dccoteau,  1993).  Intercropping  can  reduce 
management  input  (tewandowski,  1987)  and  increase  yields,  especially  when  cereals  are 
intercropped  with  nitrogen  ftaing  legumes  (Elmore  and  Jacobs,  1986).  The  cropping  of 
sweet  com  {Zea  mays  L.)  and  pole  bean  {Phoseolus  vulgaris  L.)  together  simultaneously 
would  be  a possible  example  of  such  an  intercropping  system.  The  growth  of  sweet  com 
has  been  shown  to  be  unaffected  by  a bean  intercrop  (Willey  andOsini,  1972),  and  many 
cuiUvars  of  sweet  com  can  support  high  population  densities  of  root*knot  nematodes 
without  suffering  yield  reductions  (McSorlcy.  persona!  communication).  Bean  Is  generally 
susceptible  to  root'knot  nematodes  (Sikora  and  Greco.  t990);  therefore,  this  crop  can  be 
used  to  amplify  the  nematode  and  its  biological  antagonist.  P.  penetrans. 

The  objectives  of  this  experiment  were  to  monitor  the  population  development  of 
Meloidogyne  arenaria  and  P.  penetrans  on  a beun-siveel  com  intercrop  in  rotation  with 
peanut,  and  to  determine  the  population  density  of  P.  penetrans  that  provided  suppression 
of  root'knot  nematodes. 


Alachua  County,  90  microplou  (each  76-cni  in  diameter),  were  arranged  in  10  tows  of 
nine ‘plots  with  a dtsttutce  of  l.S  m between  plots  in  a loamy,  siliceous,  hypothermic 
CiossaienicPaleudulis  wiih9C%  sand.  4%  silt.  6%  clay,  and  1 .8%  organic  matter.  In 
April  of  1 984.  the  microplots  were  fumigated  with  methy)  bromide  (98%  methyl  bromide 
plus  2%  chloropicrin)  at  977  kg/ha  under  i mm  polyethylene  mulch  before  inoculation 
with  M.javaniea  (Neal)  Chitwood  and  Poecilotnyces  lilacinus  (Thom)  Samson,  and 
planted  to  ciops  supporting  high  levels  of  Mehidogyne  spp.  (Hewlett  el  al..  1988)  In 
1987,  the  plots  were  again  treated  with  methyl  bromide  at  977  hg/ho  under  3 mm 
polyethylene  mulch  and  either  inoculated  with  M.  arenario  alone,  with  M.  arenaria  plus  P. 
penetrans,  or  maintained  free  of  nematodes  and  bacteria  by  periodic  fumigation  with 
methyl  bromide  For  the  following  7 years,  plots  were  planted  to  peanut  during  the 
summers,  and  maintained  under  rye.  wheal  or  vetch,  and  bare  fallow  during  the  winters. 

For  the  present  study,  all  90  microplots  were  fumigated  with  977  kg/ha  of  methyl 
bromide  as  desenbed  above,  on  10  March  1994,  Thirty  days  later,  the  plots  where 
uncovered.  After  aeration  for  19  days,  six  5-cm-deep  holes  and  six  10-cm-deep  boles 
(2.5<m  diameter)  were  evenly  dislribuled  throughout  each  plot.  Inoculum  of  10*  eggs  of 
Mehidogyne  annaria  race  I per  raicroplot  was  applied  uniformly  in  2 liters  of  water  over 
the  soil.  A potato  rake  was  used  to  further  incorporate  the  nematodes  and  leave  the  soil 
surface  level.  A S-cm-deep  furrow  was  made  in  a north-south  direction  through  the 
middle  of  each  plot.  For  intercropping  system  I (Fig.  6-1).  sweet  com  (Zea  mays  var. 
saccharata  cv.  Silver  Queen)  was  planted  on  28  April  in  the  furrows.  Two  weeks  later  the 
com  plants  were  thinned  to  six  plants  per  plot,  and  pole  beans  fPhaseolus  vulgaris  cv. 


Kealucky  Wonder)  were  planted  lo  each  side  of  Ihe  com.  After  germinoiion,  the  pole  bean 
plants  were  thinned  to  a stand  of  three  plants  on  each  side  of  the  com.  Plots  were  irrigated 
by  a microjet  sprinkler  system  at  the  rate  of  2 ml*m'  per  day.  The  plots  were  fertilized 
with  ammonium  sulfate  (lS-0-0)  and  potash  (Q-0-10),  with  a total  of38S  kgN/ha  and  320 
kg  Kfha,  respectively,  provided  in  one  at-planiing  and  three  post-planting  applications. 

Over  a period  of  1 week  in  mid-July,  plant  shoots  were  cut  off  at  ground  level  and 
removed  from  the  microplots.  'nuec  root  systems  of  both  sweet  com  and  pole  bean  srere 
harvested  from  each  plot,  and  galling  indices  were  recorded  according  to  the  scale;  0 s no 
gaUs,  1=  1-10,  2 = ll-20,3  = 21-55,4  = 56-80,and5  = 81-l00%ofrootsga]led(Barker 
el  al.,  1986).  The  root  systems  wete  returned  to  their  original  plots  and  turned  into  the  soil. 
After  3 weeks  of  bare  fallow,  the  soil  in  each  plot  was  leveled  and  the  same  crops  were 
planted  in  on  east-west  direction  (Inlererc^plng  system  2).  Plots  were  maintained  as 
described  above.  After  86  days,  the  root  systems  were  harvested.  Three.  2.5-cm-diameler, 
!5-cm-deep  soil  cores  were  taken  for  nematode  ektraction  with  a cone-shaped  auger  from 
each  plot  Nematodes  were  extracted  from  lOftom’ subsamples  using  centrifugal  flotation 
(Jenkins,  1964).  The  numbers  of  second-siagejuveniles  (J2),  endospores  per  juvenile,  and 
the  rale  of  attachment  by  P.  ptneuans  (as  averages  of  20  randomly  selected  individuals) 
were  dcicnnined  with  the  aid  of  an  inverted  microscope  at  X400  magnification.  For  the 
winter,  plots  were  planted  in  mid-November  to  a cover  crop  of  haiiy  vetch  (Vicia  ui/foso 
Roth).  On  19  April  1995.  the  plant  shoots  of  the  winlercover  crop  were  removed,  and 
their  fresh  and  diy  weights  wete  determined.  Soil  samples  were  collected,  nematodes  were 

ekiracled,  and  data  were  recorded  as  above. 

On  2 May  1995,  peanuts  cv.  Floninner,  were  germinated  on  filler  paper  in  peiri 
dishes  and  six  seeds  were  planted  5 days  thereafter  in  each  mictoplol.  Two  weeks  later,  the 
peanut  plants  were  thinned  to  three  plants  per  microplot  (Fig.  6-2).  Plots  were  irrigated  as 


Fig.  5-2.  Cut  away  illustration  of  a peanut  crop  in  field  microplou  (76  cm  diameter). 
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needed  using  ihe  syslein  described  above.  After  123  days,  peanut  plants  v.«re  lifted  out  of 
itie  ground,  and  the  galling  indices  were  determined  and  tecotded  for  each  root  system,  and 
for  pods  and  pegs.  A five-core  soil  sample  was  taken  with  a cone-shaped  auger  from  the 
center  of  each  plot.  Data  on  nematode  and  P.  penetrans  population  densities  were  collected 
as  described  above.  After  5 days,  peanut  pods  were  picked,  dried  at  60  ’C  until  their 
moisture  level  was  reduced  to  about  10%,  and  weighed.  Insect  and  disease  control  were 
maintained  based  on  recommendations  for  Florida  (Whitty  et  aJ.,  1975). 

Laboratory  bioassavs.  Throughout  the  two  cropping  seasons,  the  population 
densityofF.peneirianr  was  estimated  by  bioassay,  using  12  of  Af.arenarra  race  I as  a 
hosL  Three, 2.5-cm-diameter,  IS-cm-deepsoileoresajnpleswerecollectedwithacone- 
shaped  auger  from  each  mictoplot  on  21  April  1994,21  April  1995.  and  7 September 
1995  (referred  10  as  spring  1994,  spring  1995,  and  fall  1995.  respectively).  The  soil  was 
screened  through  a sieve  with  0.8-ram  openings,  and  the  moisture  content  was  determined 
by  drying  lOO  g of  sod  at  60  'C  until  weight  wa.s  consistent.  The  soil  moisture  content  was 
6.2%,  6.5%.  and  5-7%  In  the  spring  of  1994.  spring  of  1995.  and  fall  of  1995,  respectively. 
A 50-g  sample  of  soil  from  each  microplot  was  placed  in  a peiri  dish.  The  soil  then  was 
subjected  to  microwave  treatment  equivalent  tod  minuie.s/kg  ofsoil  at  hill  power  in  the  18- 
liler  cavity  of  a microwave  oven  (1,500  Walts,  2,450  MHz)  (Tnppan  Appliance,  Mansfield. 
OH),  which  caused  the  temperature  to  rise  to  about  75  ’C  About  500, 1-  to  4-day-old  12 
were  suspended  in  10  ml  of  water  and  applied  uniformly  to  the  soil  using  a pipette.  Petri 
plates  were  incubated  at  room  temperature  for  48  hours,  and  stored  at  4 ’C  until  further 
processed.  Within  the  following  2 days,  12  were  es  tracied  by  centrifugal  flotation 
(Jenkins,  1964).  The  number  of  endospores  per  Juvenile  and  the  rate  of  attachment  by  P. 
penetrans  (as  averages  of  20  randomly  selected  individuals)  were  delertnined  with  die  aid 
of  an  inverted  microscope  at  X400  magnification.  In  Ihe  summer  of  1996.  tomato 
seedlings  were  transplanied  into  5<m-diametcr  plastic  pots  filled  with  250-g  sample.*  of 
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soil  from  each  microplot.  which  was  mictowave-lreaied  al  the  rale  of  3 minules/kg  of  soil. 
Alter  (wo  days,  1,000  ± 46,  ]•  lOd'dayKtld  J2  ofAf.  arenaria  race  I were  suspended  In  6 
ml  of  waier  and  added  (0  the  pots.  Pols  were  maintained  in  the  greenhouse  for  600  degree 
days  (18  ‘Chase  lemperalure);  20  female  nemalodes  were  dissected  per  tooisy.siem,  and 
ihe  presence  of  P.  penetrans  endospores  was  determined  with  the  aid  of  a microscope  al 
X 1000  magnification. 

Nematode  inoculum.  Mehidogyne  artnaria  race  I was  produced  on  tomato 
Lycopersleon  esculenium  Mill  cy.  Rutgers  in  a greenhouse.  For  the  microploi  inoculation, 
nematode  eggs  were  eairacied  with  1.05%  sodium  hypocloritc  (Hussey,  1971)  from  the 
infected  root  systems  (Hussey,  1973),  and  stored  for  a majtiraum  of  3 days  at  15  'C.  The 
egg  suspension  then  was  adjusted  to  4,000  eggs/ml  of  water,  and  further  diluted  to  500 
Bggs/perml  of  water,  resulting  in  2 lilets  of  inoculum  per  microplot.  To  lest  the  viability  of 
eggs  used  for  microplot  inoculation,  4,000  eggs  were  placed  on  a modified  Baeimann 
funnel  and  incubated  at  22  'C  The  hatching  rales  of  the  M.  arenaria  race  1 were  5.5%, 
18.5%,  and  39%  after  48, 72,  and  120  hours,  respectively.  For  the  bioassays,  nematode 
eggs  were  collected  as  described  above  and  hatched  ona  modified  Bacrmann  funnel  al  28 
'C  up  to  4 days  before  inoculation. 

Statistical  analysis.  The  density  of  nematodes  and  the  numbers  ofendospores  pec 
juvenile  were  transformed  with  log„(A:  + 1)  before  analysis.  Data  that  were  calculated  as 
percentages  were  iransformed  with  arosin  (Vx)  before  analysis.  Plots  were  ranked  and 
divided  into  10  groups  of 9 microplols  each,  based  on  the  number  ofendospores  per 
juvenile  of  Af.  arenaria  race  1 as  determined  by  a bloassay  in  Ihe  spring  of  1994.  The 
change  over  lime  was  determined  by  subtraction  of  the  first  or  second  data  set  from  the 
final  data  set.  The  grouped  data  were  subjected  to  analysis  of  variance  (ANOVA),  and 
group  means  were  compared  with  Duncan’s  multiple-range  test.  Spearman  correlation 
coefficients  (Sokal  and  Rohlf,  1969)  were  performed  on  the  rants  of  the  tingrouped  data  of 
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all  90  microplou.  Linear  regressions  were  performed  lo  derermine  the  lelalionship 
berween  the  iniliol  P.  peneinms  density  and  the  final  nemalode  and  endospom  population 
densities.  The  linear  regressions  of  the  changes  in  population  densities  between  spring  and 
fall  data  of  I99S  on  the  initial  P.  penerrons  density  were  used  to  estimate  the  rale  at  which 
these  dianges  were  influenced  by  the  initial  endospore  density. 


with  mean  numbers  of  0, 0, 1.3, 4, 5, 7. 9, 12,  and  18  endospores  attached  per  juvenile 
(Table  6-1).  In  the  spring  of  1994,  the  mean  numbers  of  endospores  per  juvenile  for 
groups  2 10  10  were  different  (7*  <0.001)  (Tables  6-2  and  6-3).  which  was  expected  sirtce 
thegroups  were  formed  by  ranked  data,  b the  following  spring,  the  numbers  of  attached 
endospores  generally  decreased,  especially  in  plots  that  previously  yielded  the  highest 
numbers  of  endospores  per  juvenile.  In  the  final  bioassay  of  fall  1 99S,  the  estimated /’. 
pentirans  population  density  increased  in  all  groups  except  group  number  I.  resulting  in 
three  different  density  levels  (Ps  0.05)  with  ranges  of  means  of  1-6  endospores/juvenile, 
23  endospores/juvenile,  and  53-68  endospores/juvenile.  Two  groups  with  mean  endospore 
counts  of  45  an  40  did  not  differ  from  the  intermediate  group  and  the  high  group. 

Over  two  seasons,  an  increase  between  I . I and  5. 1 endospores/juvemle  for  groups 
1 to  3 was  less  than  the  increase  between  35. 1 and  55.8  endospores/juvenile  In  groups  5 to 
10  (fsO.OS)  (Table  6-3).  With  every  endospore  attached  per  juvenile  in  the  spring  of 
1994,  an  average  addition  of  3.7  endospores/juvenile  was  observed  over  the  two  seasons 
{Y-2A*  3.7.x)(Fig.  6-3  A).  Similarly,  when  the  attachment  rate  in  the  spring  of  1994 
was  compared  to  the  difference  in  attachment  between  the  spring  and  fall  of  1995,  the  rate 
of  change  (slope)  was  2.9,  which  indicates  that  with  every  endospore  attached  in  the 


Table  6-I.  Grouping  of  90  microplou  based  on  [he  mean  number  of  Pasleurio 
peneirons  endosporos  ariached  per  second-stage  juvenile  o(  Meloidogyrte  arenaria  race  1 in 
a bioassay  on  the  mieroplot  soil  conducted  in  the  spring  of  1994. 


Replicate 


Group  mean 


23456789  10 


Twenty  randomly  selected  juveniles  were  observed  per  sample. 


Ill 


bioasjfiiy  of  spring  1994.  ihe  change  in  the  final  eslimased  populacion  density  iocreased  over 
Ihc  1995  season  by  2.9  endospores  (K  = 0.67  -i-  2.9*  or  X = 0.82  * 1 .7x  after 
ftans/ormation  wiih  square  root  of  i)  (Fig.  6-4  A). 

If  compared  with  the  numbers  of  endospores  per  juvenile,  the  trends  observed  for 
the  percentages  of  J2  with  attached  endospores  were  similar  (Table  6-4).  In  the  spring  of 
1994.  the  attachment  by  F.  penetrans  increased  through  group  5,  and  leveled  off  at  87-99% 
ingroups  5 to  10.  In  the  spring  of  1995, 29%  and  24%  of  the  J2  ingroups  1 and  2 had 
endospores  attached,  whereas  only  healthy  J2  were  recovered  from  this  group  in  the 
previous  spring.  The  highest  rales  of  auachmeni  leveled  off  in  groups  5 to  10  with  57- 
76%  of  the  juveniles  attached,  (nibefuial  bloassay  (Fall.  1995),  an  overall  increase  raised 
ibe  attachment  rates  of  the  three  lowest  groups  to  34-48%:  the  intermediate  group  four  to 
88%;  and  the  sis  highest  groups  to  98-100%  (P<0.05).  The  three  lowest  groups  had 
lesser  increases  In  attachment  over  one  season  than  the  seven  highest  groups.  However,  no 
difference  was  observed  when  the  change  over  both  seasons  was  considered. 


galling  indtces  were  affected  by  the  pretreatmcnt  endospore  densities  in  the  microplol  .soil 
at  each  sampling  dae  (P  £ 0.05,  £ 0.001 ) (Table  5-2).  No  differences  were  noted  in  the 
nematode  population  densities  in  spring  1995,  as  well  in  the  population  developroenls  of 
ibe  nematode  and  the  bnclerium  and  change  in  galling  indices  over  one  season.  Over  the 
(wo  seasons,  the  endospore  auachmeni,  nematode  population  densities  and  galling  indices 
were  affected  by  the  different  endospore  densities  in  the  miccoplols  (F£  0.001). 

During  the  first  season  of  (wo  consecutive  com  and  bean  intercropping  systems, 
the  nematode  population  density  increased  in  the  fall  of  1994  to  an  average  (across  all 
groups)  of  1,838  J2/I00cm‘ of  soil  (Table  6-5).  In  the  spring  of  1 995.  the  nematode 
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popuJalion  density  further  increased  to  an  average  of  2,750  J2/I00cm’  of  soil,  and  did  not 
differ  among  the  groups  (f  £ 0.05).  In  the  fall  of  1995.  the  neinaiode  population  densi^ 
declined  drastically,  ranging  from  the  low  levels  of  12  to  194J2/I00  cm’  of  soil  in  groups 
4 to  10.  to  the  high  levels  of430-945 12/100  cm’ of  soil  ingroups  1-3.  The  nematode 
reduction  over  one  season  in  groups  6. 7,  and  9 was  greater  than  in  groups  I and  5(P  ^ 
0,05).  There  were  no  differences  in  the  change  over  two  sea.sons.  With  every  enriospote 
attached  per  juvenile  in  the  spring  1994  bioassay,  a rlecrease  of3U  J2/100  cm’  of  soil  was 
observedover  the  two  seasons  (K  = 547.1  • 3l.5j:KFig.  6-3  B).  Similarly,  when  the 
attachment  rate  in  the  spring  of  1994  was  compared  to  the  difference  in  number  of  12 
between  spring  and  fall  of  1995,  the  rale  of  change  (slope)  was  -19.3.  which  indicates  that 
with  every  additional  endospore  attached  in  the  bioassay  of  spring  1994.  the  suppression  in 
Ihenemaiode  population  density  over  the  1995  season  incieased  by  19  J 12  (/s -546.2 - 
19.3s  or  Y - -23.4  - 4.4s  after  transformation  with  square  root  ofiHFtg.  6-4  B). 

In  the  fall  of  1994,  the  estimated  number  of  endospores  per  juvenile  ui  the 
microplot  soil  ranged  from  the  lowest  level  of  0-1  in  groups  I to  4 to  the  highest  level  of 
8.6  in  group  10  (P£  0.05)  (Table  5-6).  Over  one  season,  the  change  in  the  number  of 
endospores  was  not  different  among  groups,  and  in  the  fmal  sanqile  only  group  10,  with 
the  highest  attachment,  showed  a greater  decrease  in  the  number  of  endospores  than  the 
other  nine  groups.  With  every  additional  endospore  attached  per  juvenile  in  the  bioassay 
from  the  spring  of  !994,  an  increase  of  0.1  endospore.s/juvenile  was  observed  in  ihe  soil 
analysis  over  Ihe  two  seasons  (K=  0.3  + 0.1a:)  (Fig.  6-3  CX  However,  when  Ihe 
aiiachmeni  rale  in  the  spring  of  1 994  was  compared  to  the  difference  in  aliachmeni  between 
spring  and  fall  of  1995.  the  rate  of  change  was  -37.5,  which  indicates  that  with  every 
endospore  attached  in  the  bloassay  from  the  spring  of  1994,  the  decrease  in  the  final 
estimated  endospore  population  density  in  the  .soil  increased  over  the  1995  season  by  37.5 
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cndospores/juveniIe{l'  = 543.4 -37,Sjr  or  K=  23-31  - 6.l2taficrtrnnsfonnatioiJ  wild 
square  rooc  of  i)  (Fig.  6-4  C). 

Soil  samples  taken  in  the  fall  of  1994  revealed  attacluneni  rates  ranging  fcam  3- 
10%  at  the  lowest  levels  in  groups  I to  3.  and  62-89%  at  the  highest  levels  in  groups  4 to 
10  (FsO.05)  (Tabic  6-7).  The  attachment  rates  were  similar  throughout  the  remainder  of 
theesperiment.  However,  the  change  over  two  seasons  was  different  between  groups  1,2 
and  3,rorwhicbanachmeiilincrea5edby  2-15%,  and  group  10.  which  had  a 18%  decrease 
in  the  attachment  of  endospores  to  12  (P  s 0.05). 

In  both  consecutive  com  and  bean  intercropping  systems  of  the  1994  season,  a 
variable  degree  of  root  galling  was  observed  on  both  plants  (T^le  6-8).  Root  galling  was 
generally  higher  Ingroups  1, 2.  and  3 than  In  the  other  groups  (Fs  0.05).  Pods  and  pegs 
of  the  peanut  plants  were  equally  well  protected  from  golliogt  galling  indices  between  0 and 
1 .2  for  groups  4 to  10  were  lower  than  the  indices  of  2.8-3.1  recorded  for  groups  1 to  3. 

No  dilTerences  were  observed  among  galling  indices  between  the  two  com  and  bean 
intercrops.  Over  two  seasons  of  com  and  bean  and  then  peanut,  the  galling  in  groups  6 to 
lOwas  reduced  by  2.1  to  2.6  units,  which  was  higher  than  the  reduction  by  0.3  to  1.1  units 
of  groups  1,3,4,  and  5. 

The  rank  of  the  numbers  of  endospores  per  juvenile,  and  the  rates  of  nitachmeni 
recorded  from  the  bioassays  were  positively  cotrelaied  to  the  rank  of  the  same  observations 
collected  by  soil  sample  extraction  (Table  6-9)  (Pfi  0.05).  Thus,  the  estimated  endospoie 
density  determined  by  the  bioassay  was  representaiive  for  the  estimated  density  in  the 
microplot  soil.  However,  the  tank.s  of  all  endospore  counts,  as  well  as  attachment  rales, 
were  negalively  correlated  to  the  ranks  of  the  nematode  populauon  densities  and  galling 
indices,  showing  thal  Ihe  nematode  population  density  was  negatively  correlated  with  the 
endospore  density.  Only  the  ranks  of  the  nematode  population  density  of  spring  1995 
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showed  a random  relaiionship  with  chose  of  the  aluchment  nucs  and  the  endospore 
densities  of  Ihe  spring  data  o/  199d,  as  determined  by  the  bionasays.  Thus,  the  initial 
endospom  density  had  no  effect  on  the  nematode  population  of  the  following  spring. 


The  nemalode  population  become  well  established  under  the  com  and  bean 
inieniopping  systems  through  1994,  and  remoined  at  equally  high  levels  in  ail  mictoplots 
under  Ihe  susceptible  winter  cove:  crop.  No  conclusions  can  be  drawn  about  the  effect  of 
the  intercropping  system  on  the  population  development  of  P.  penetrans  in  the  soil,  since 
no  alternative  treatment  was  included. 

During  the  microplot  sampling  in  Ihe  spring  of  1995. 14%  lo97%oftheJ2 
escaped  attachmenl  by  ft  pfoeirimjendospoies,  leaving  at  leosi  343  J2  free  of  ft. 
penemont/lOO  cm’  of  soil  for  each  group.  This  density  of  nematodes  would  be  capable  of 
causing  90%  yield  loss  In  peanut  (Portcret  a).,  1984).  However,  nemalode  populations  of 
the  five  groups  with  fc4.9endospores  per  juvenile  and  an  attachment  rate  of296%  in  the 
standard  bioossay  showed  a decline  in  the  incidence  of  galling,  and  the  peanut  crop  was 
nearly  free  of  galls.  In  contrast  to  the  two  fall  samples,  the  high  nuitdrers  of  12  in  Ihe 
spring  of  1995  were  nol  related  to  endospore  counts  and  attachment  rates  in  the  bioassays. 
Therefore,  in  winter  of  1 994-95,  the  nematode  population  did  not  seem  to  be  affecicd  by 
the  ft.  penetrans  population  density  in  Ihe  soil.  This  observation  contradicts  the  resulu  of 
other  scie mists  (Ooslendorp  el  ai..  1991a),  in  which,  despite  the  high  temperature 
nsjuireinentofft.penemi<u(Hata.elal.,  1992  ; Serracin  ei  al.,  1997;  Stirling,  1981). 
endospore  attachment  increased,  and  nematode  populations  decreased  during  the  winter 
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season  (Oostendoip  el  al.,  199  la;  Chapter  2).  The  P.  penetrans  populaiion  in  the 
iziicroplol  soil  may  have  been  unable  to  reproduce  on  the  predominant  nematode  host 

In  this  eaperimenl,  theendospore  population  development  determined  by  bioassays 
was  not  oonsislem  with  the  endospote  population  development  determined  by  soil  sample 
extraction  A 3.7-  and  a 0.1 -fold  increase  in  the  number  ofendospoies  per  juvenile  was 
estimated  with  the  aid  of  bloassays  or  soil  sample  extraction,  respectively.  A passible 
explanation  might  be  given  by  a pt^iulalion  shift  to  Mehidogyne  spp.  other  than  Af. 
urenaria  that  occurred  by  cultivating  the  root-knot  nematode  susceptible  pole  bean(Mullin 
etal.,  1991).  It  is possible  lhal  M./ainnico  re-established  in  the  microplots  fromiesidual 
populations  of  previously  conducted  experiments  (Dickson,  personal  communication). 

The  P.  peniirans  population  present  in  the  mictoplots  attached  rather  poorly  to  M.  javanica 
(Oostendorp  et  ol„  1990).  This  could  explain  the  good  endospote  attachment  to  Af. 
artnaria  in  the  bioassays,  the  poor  nttachment  rates  observed  in  soil  samples  during  the 
com  and  bean  intercrop  (if  Af.^wiico  predominated  on  bean),  and  the  suppression  of 
Meloldoyyne  spp,  other  than  Af.  arenaria  in  the  course  of  the  following  peanut  crop. 
Unfortunately,  the  specification  of  the  nematode  population  was  not  determined,  it  is  also 
possible  that  in  unpertutbaiedsoU,  endosporc  atlachment  was  affected  by  other  soilbome 
microorganisms.  In  related  studies,  as  these  miuroorganisms  were  selectively  eliminated 
or  reduced  by  the  microwave  trealmem  (Chen,  el  ai..  1995;  Femss,  1984;  Weibekahl- 
Fulion  etal.,  1996;  Chapters),  the  number  of  endospores  per  juvenile  increased. 

After  2 years,  the  soils  of  seven  groups  with  an  initial  mean  number  of  2S  and 
more  endospores  per  juvenile  and  a tale  of  auachmem  of  69%  or  higher  developed  to 
highly  suppressive  soils  In  which  88%  or  more  of  J2  were  encumbered  with  23.5  or  mote 
endospores.  Pasreurio  peneirans  is  known  to  suppress  root-knot  nematodes  by  affecting 
juvenile  mobility  and  reducing  or  inhibiting  female  fecundity  (Stirling,  1991).  Mobility 
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and  infwiivity  of  J2  is  reduced  when  between  7 and  SOendoiporea  are  aliached  (Brown 
and  Smart.  1985:  Davies  el  a].,  1988: 1990:  Sell  and  Hansen.  1987:  Sllrling.  1984),  and 
juveniles  are  prevented  from  invading  roots  when  they  are  encumbered  with  25  lo30 
endospores  (Slirling,  1984;  Stirling  el  al„  1990).  Previous  experiments  have  shown  that 
root  syslenK  can  be  protected  from  juvenile  invasion  by  high  numbers  o!  F.  peneinms 
endospores  in  the  soil  (Chen  eial..  1996b:  1997;  Weibelzahi-Fuiton  elai..  i996;  Chapter 
3). 

Endospores  of  P.  pfoerronj  are  relatively  resistant  to  heat,  desiccation,  neroaticides, 
and  otherndveiseenvironmental  conditions  (Stirling,  1991).  The  effect  of  methyl  bromide 
(98%  methyl  bromide  plus  2%  chloropicrin)  on  the  survival  of  the  bacterial  endospores  is 
unknown  at  this  time.  Although  the  fumigation  of  soil  containing  P.  peneinms  with 
methyl  bromide  had  little  or  no  effect  on  the  attachmeni  of  endospores  to  the  J2  in  a 
greenhouse  bioassay,  P.  peneuans  did  not  complete  its  life  cycle  with  the  formation  of 
mature  endospores  (persona)  observation).  This  observation  is  in  agreement  with  Freitas 
(1997),  who  repotted  that  chloropicrin  alone  or  in  combination  with  methyl  bromide  was 
highly  deuimental  to  P.  peneinms  because  endospore  foimation  was  inhibited.  Hence.  Ihe 
observed  increase  in  endospore  attachment  in  the  present  study  may  have  resulted  from  the 
continuous  release  and  dispereion  of  endospores  from  decomposing  root  maleriai  rather 
than  from  an  endospore  build-up  following  soil  fumigation. 


2,5  or  more  endospores  of  P.  peneinms  per  Juvenile.  Since  methyl  bromide  treated 
endo-spores  of  P.  penelroni  appeared  to  be  unable  to  reproduce  (Freitas  1997),  the 
nematode  suppression  observed  In  this  experiment  most  likely  resulted  from  the 
prevention  of  root  invasion  by  endospore  encumbered  juveniles.  Endospore  attachment  is 
not  necessarily  followed  by  nematode  infection  (De  Silva  and  Gowen,  1994;  Freitas, 
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1997).  [n  this  experimeal.  the  host-paiuiie  development  was  limited  to  cuticLlar 
altachmeiHonly,  similar  to  several  previous  ohservaiions  (Stirling.  1991).  Future  scientists 
must  exercise  caution  and  actually  determine  parasitism  before  making  conclusions  about 
the  host-parasite  relationship. 

It  con  be  concluded  that  microplots  with  a certain  F.  ptneirons  population  density 
remained  in  the  original  pcpuialion  density  group  through  the  course  of  the  2-year 
experiment  This  observation  may  have  been  influenced  by  the  effect  of  methyl  bromide 
on  the  survival  of  the  endospotes  in  the  soil;  nonetheless,  these  density  classes  remained 
rerrtarkably  intact. 


CHAPTER  7 
SUMMARY 


Since  enviroiunentoJ  problems  have  been  associated  with  Che  application  of 
nematicides  (Thomason,  1986),  their  use  has  led  to  great  controversy,  and  increasing 
attenbon  is  being  given  to  alternative  management  tactics,  such  as  cultural  practices,  plant 
resistance  and  biological  control  of  nematodes  with  microbial  agents  such  as  Pasteuria 
ptne\rai\s  (Thome)  Sayre  & Starr,  The  potentia)  of  P.  penetrans  in  combination  with 
cultural  practices  to  suppimts  Mtloidogyne  arenaria  on  peanut  (Aradiis  hypogaea  L,)  and 
Mehidogyne  spp.  on  tobacco  (Nicoiiana  lobacum  L,)  was  investigeled  in  laboratory, 
greenhouse,  raicroplot,  and  field  experiments.  A suppressive-soil  test  was  developed  to 
determine  the  role  of  P,  penetrans  in  suppressive  soils. 

In  1987.  before  the  initiation  of  the  present  study  in  1990, 90  microplois  were  either 
infested  with  Af.  arenaria.  or  with  M.  arenaria  and  P.  penetrans,  or  maintained  nematode 
free  by  periodic  fumigation  (Oostendotp,  1991a).  Rye,  vetch  or  wheat,  or  bare  fallow  was 
maintained  for  winter  cover.  The  population  development  of  P.  penetrans  and  M. 
arenaria  was  monitored  for  the  lost  3.5  yeats  (1990-1993)  of  the  6.5-year  study.  In  the 
fifth,  sixth,  and  seventh  cropping  season,  nematodwi  were  nearly  eliminated  from  plots 
with  the  initial  P.  penetrans  inoculum.  The  peanut  yields  did  not  differ  from  those  in 
fumigated  control  plots.  By  the  end  of  the  7-year  study,  P.  penetrans  had  spread  to  all 
plots  containing  nematodes,  which  caused  an  increasbg  poition  of  the  population  of 
second-stage  juveniles  (J2)  to  become  encumbered  with  endosporos,  and,  hence. 
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denimenialJy  affecied.  The  increase  in  the  estimated  number  of  endospores  in  the  soil  was 
enhanced  under  susceptible  vetch  or  wheal  cover  crops. 

The  effect  of  microwave  treatment  on  soU  fungi  and  bacterial  endospores  was 
determined  using  dilution  plating  and  soil  bioassay.  An  increase  In  microwave  radiation 
timoand  soil  water  content  revealed  an  increasing  detrimental  effect  on  P.  ptneiram  and 
other  soil  organisms.  A ireatment  time  of3  minules/kg  of  soil  at  field  capacity  of  7%  soil 
water  reduced  fungal  pcpulalions  but  left  the  altachment  by  P.  peneinms  nearly  unaffected. 
This  microwave  trealment  was  helpful  because  it  reduced  fungi  ihai  might  also  be  a factor 
in  suppressive  soils. 

In  a suppressive-soil  lest,  microploisoll  was  autoclaved,  microwaved,  or  air  dried 
and  bioassayed  in  the  greenhouse  using  M.  areiiaria  on  peanut  as  a herst  for  potential 
biological  control  organisttts.  The  suppressive  componeni  was  inhibited  by  auloclavmg 
soil,  and  Ihis  ireatment  resulted  in  heavy  galling  and  egg  mass  formation  on  the  root 
syslera.  Microwaving  or  air-drying  soil  did  not  affecl  ihe  suppressiveness  of  the  soils 
inoculaled  or  conlaminaled  with  P.  peneirnns.  Endospores  In  both  soils  existed  in 
densities  at  which  infeciiviiy  of  J2  was  reduced  and  ihe  tool  systems  were  prolecled  from 
severe  toot-knot  infection.  Pasieuria  periffirwis  was  identified  as  the  main  contributor  to 
the  suppressiveness  of  the  microplol  soils.  The  suppressive-soL  test  was  a useful  ioolin 
Ihe  determination  of  Ihe  suppressive  component  in  the  soil.  However,  the  effects  of  die 
microwave  tteatmeni  on  soil  organisms  fluctuated  with  different  soil  characteristics,  and 
requires  additional  experimentalion. 

A mixed  populalion  of  root-knot  nematodes  was  ohrerved  to  infest  a tobacco  field 
from  which /’as/euriopenerrans  and  several  species  of  potential  neraalophagous  fungi 
were  isolated  {Chen  et  ai.,  1994).  This  field  site  was  planted  lo  two  tobscoo  cullivors 
(Coker  371,  which  is  susceplibic  to  M.  ineogmio.  A/,  yavanfca.  and  A/,  orenario,- and 
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Northnip  Kjng-336,  which  is  fcsiscani  to  M.  incognita  but  susceptible  to  M.  javanica  and 
M.  arenario).  followed  by  three  autumn  cover  crops  (haiiy  indi|o,  forage  sorghum,  and 
weeds).  It  was  fertilized  with  two  rates  of  inorganic  nitrogen  fertilizers  (89  and  188  kg  of 
ammonium  nitrate/ha).  The  nematode  suppression  increased  over  2 years,  and  P. 
penetrans  was  identified  to  be  suppressive  to  the  root-knot  nematodes.  The  endospore 
build-up  in  the  soil  was  slightly  favored  hy  a cropping  history  with  the  susceptible  tobacco 
cultivar.  The  preferred  host  for  the  two  isolated  P.  penetrans  populations  appeared  to  be 
M.  incognita  o'letM.javmica.  Inorganic  nitrogen  and  winter  cover  crops  had  no 
consistent  effects  on  the  endospore  build-up  in  the  soil. 

When  the  tobacco  field  soil  was  subjected  to  a .suppressive-soil  test  using  Af. 
incognita  and  tomato  as  hosts  for  potential  nematode  antagonists,  P.  penetrans  was 
idendfied  as  the  main  contributor  to  the  suppressivencss  of  the  microplot  soils.  However, 
when  the  experiment  was  replicated,  soilboine  fungi  contributed  to  the  nematode 
suppression.  Thus,  the  role  of  fungi  in  the  nematode  suppression  could  not  be  elucidated. 

Ninety  microplots  were  ranked  and  grouped  based  on  the  number  of  endospores 
per  Juvenile  of  M.  arenaria  as  determined  by  a bioassay  at  the  beginning  of  the  experiment. 
The  population  development  of  Meloidogyne  spp.  and  P.  penetrans  was  monitored  over  2 
years,  planted  with  tvrocyclesofa  com  and  bean  intercrop  in  rotauon  with  peanuL  The 
soil  of  groups  with  an  initiai  mean  number  of  3 and  more  endospores  per  juvenile  and  a 
rale  of  attachment  of  69%  or  higher  developed  highly  suppressive  soil  in  which  88%  or 
more  of  J2  were  encumbered  with  23  or  more  endospores.  In  a greenhouse  bioassay,  P. 
penetrans  was  not  able  to  complete  its  life  after  soil  with  endospores  was  treatment  with 
methyl  bromide  (98%  methyl  bromide  plus  2%  chloropicrin). 

The  current  studies  revealed  that  the  continuous  cultivation  of  crops  susceptible  to 
root-knot  nematode  for  3 to  4 consecutive  years  increases  levels  of  P.  penetrans 
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endospores  ia  ibe  soil  from  relatively  low  to  highly  suppressive  levels.  In  the  mkioplol 
cnviroamenl,  (he  suppressiveness  was  maimiuned  in  the  absence  of  oemaiodes  for  a period 
of  3 years  before  the  eaperirnent  was  leiminaled.  ERons  should  be  directed  toward  the 
ampliriealion  of  endospores  in  nature  and  in  aniricial  mass  production  systems. 
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APPENDIX 

RINO  NEMATODE  DATA  FOR  CHAPTER  2 


Table  A-1)  Effect  of  Me/outojyneii«nariii(RKN)  alone  and  in 
combinalion  withPai/eur/dpejietAMf  (RKN  + Pp),  and  of  a tye,  vetch,  or  bare 
fallow  winter  cover  crop  on  the  ring  nematode  population  density  in  the  falls  of 
1991  to  1993  of  a 6. 5-year  microploi  experiment. 


Ring  nematodes  in  IQOcm*^ 


Cover  Crop  Rye 


Main  effect  means 


Control 

RKN 

RKN  + Pp 


0J3b 
76.6  a 


251.2a 
20S.8  a 
47.1  b 
91.6b 
3IS.6a 


Control 
RKN 
RKN  + Pp 
Control 
RKN 

RKN  + Pp 
Control 


Means  followed  by  no  letter  or  the  same  letter  within  a group  of  three 
observations  ate  not  different  according  to  Duncan’s  multiple-range  test  (P  s 
0.05).  Means  of  10  or  30  replicates  (for  main  effects),  with  20  second-stage 
juveniles  (J2)  per  replicate. 
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